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ABSTRACT

Sesquioxides of yttrium, scandium, and lutetium, i.e., Y2O3, Sc2O3, and Lu2O3,
have received a great deal of recent attention as potential high power solid state laser
hosts. These oxides are receptive to lanthanide doping, including trivalent Er, Ho and Tm
which have well known emissions at eye-safe wavelengths that can be excited using
commercial diode lasers. These sesquioxides are considered superior to the more
conventional yttrium aluminum garnet (YAG) due to their higher thermal conductivity,
which is critical for high power laser system. Unfortunately, these oxides possess high
melting temperatures, which make the growth of high purity and quality crystals using
melt techniques difficult. Transparent ceramics are an attractive alternative route to laser
hosts since the processing by-passes many of the challenges of refractory crystal melt
growth. Moreover, transparent ceramics can possess added benefits relative to single
crystals including faster production rates, the fabrication of larger sizes and composite
laser structures, uniform doping concentrations, and better mechanical behavior.
In order to fabricate highly transparent ceramics, the starting powders must have
good dispersion and high reactivity. In this work, sesquioxide nanopowders with high
sinterability were synthesized by solution precipitation techniques. For Y2O3, the
nanopowders were prepared using yttrium nitrate and ammonium hydroxide with the
addition of a small amount of ammonium sulfate. Doping sulfate ions was found to
reduce the agglomeration of Y2O3 nanopowders. The Y2O3 nanopowders with average
particle size about 40 nm were obtained by calcining at 1050 °C for 4 hours.
Unfortunately, this method failed to prepare well-dispersed Sc2O3 and Lu2O3
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nanopowders. For Sc2O3 and Lu2O3, the nanopowders were synthesized by using
scandium or lutetium sulfate and hexamethylenetetramine (HMT). The precipitate
precursors were calcined at 1100 °C for 4 hours to yielded Sc2O3 and Lu2O3
nanopowders with average particle size 40 and 60 nm, respectively.
Transparent sesquioxide ceramics were successfully fabricated by vacuum
sintering compacts of nanopowders at high temperature. These ceramics had relatively
large grain sizes, ranging from tens to hundreds of micrometers, due to significant grain
growth at the final stage of sintering. These large-grained ceramics tend to not offer
significant enhancements to strength or thermal shock resistance that smaller grain-sized
transparent ceramics afford.
Sub-micrometer-grained highly transparent sesquioxide ceramics were fabricated
using a two-step sintering process followed by hot isostatic pressing (HIP). This process
yielded full densification of the sesquioxide ceramics with drastically reduced grain
growth. These sub-micrometer-grained ceramics exhibited a transparency equivalent to
that of single crystals in the near-infrared spectral. The microhardness and fracture
toughness of transparent ceramics fabricated by this method were found to exceed those
of transparent ceramics fabricated by conventional sintering. The single-crystal-like
transmittance of the sub-micrometer-grained yttria ceramics in the visible and IR region
with high mechanical properties is an important advancement for the use of these
materials in more extreme environments, including high power laser systems where
reduction of scattering and thermal shock resistance are critical.
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CHAPTER ONE
INTRODUCTION

Lasers have become increasingly more important to human life in the last 30
years. They are widely used in industry for cutting and drilling materials, in medicine for
surgery, in communications and in scientific research. They are also an integral part of
daily devices such as barcode scanners used in supermarkets, laser printers, scanners and
compact disk players.
Of the previously noted applications of lasers, one that is receiving special
attention is that of high energy lasers (HEL), more specifically high power solid state
lasers. These are defense- and security-related programs targeting solid state lasers with
output powers in excess of 100 kW. Such high power lasers can quickly penetrate into a
thick metal sheet. Therefore, these lasers provide a capability to mitigate a series of
modern threats. The U.S. military expects to incorporate these high-energy systems
across all services, including ships, aircraft, and ground vehicles. However, these lasers
operate under extreme conditions which require significant opportunities for optical
materials research since there are few existing materials that can generate such high
powers without suffering from adverse affects that arise. In order to optimize materials
for HEL applications, the material should possess:


high thermal conductivity in order to quickly remove heat generated during
laser operation,

1



low impurity concentration in order to reduce any unwanted absorption of
light,



optically isotropic crystallographic structures (i.e., cubic crystals) in order to
minimize scattering due to birefringence,



in polycrystalline systems, grain sizes should be minimized in order to
maximize thermal shock resistance.

Of these, high thermal conductivity is among the most desirable properties of
laser host materials. Corundum (Al2O3) is well known as a good thermally conductive
material. However, it is birefringent because of its hexagonal structure. In the case of the
polycrystalline corundum with very low porosity (<0.1%), the birefringence arises from
different reflective indices between grains and results in a high diffuse forward
transmission but a low in-line transmission so that it is often translucent rather than
transparent.
Metal sesquioxides, such as yttria (Y2O3), scandia (Sc2O3) and lutetia (Lu2O3), are
inorganic materials that show good thermal and optical properties. They possess higher
thermal conductivity than well-known laser hosts like yttrium aluminum garnet (YAG).
The reported thermal conductivity of undoped Y2O3, Sc2O3, and Lu2O3 are 12.8 W/mK,
15.5 W/mK, and 12.2 W/mK respectively, which is higher than the value of 10.7 W/mK
for YAG.1.1 In contrast to corundum, sesquioxides can potentially be sintered to obtain a
good transparency because they have cubic crystal structures which preclude any
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birefringent effect at grain boundaries. Thus, sesquioxides, i.e. Y2O3, Sc2O3, and Lu2O3,
are promising host materials for high power solid state laser applications.
Unfortunately, synthesizing crystals based on these materials is very challenging.
They are highly refractory oxides with melting points near 2450 °C, complicating the
crystal growth of these materials using traditional techniques.
Transparent ceramics are an attractive form of oxide laser hosts, as they bypass
many of the challenges of crystal growth from high temperature melts. Moreover,
transparent ceramics have several advantages over conventional single crystal growth
techniques including faster production times, the possibility to fabricate both larger sizes
and composite laser structures, non-uniform doping concentrations, and better
mechanical behavior.
Typically, transparent ceramics are fabricated by sintering powder compacts at
about 2/3 of the melting temperature which, for many oxides, is 1700–2300 °C.1.2-1.5 This
results in relatively large-grained microstructures, with average grain sizes ranging from
tens to hundreds of micrometers. The larger-grained ceramics tend to have lower strength
than the smaller grained ceramics. As a result, larger-grained ceramics are less desirable
in applications demanding high thermal shock resistance, such as high energy laser
systems, that can generate significant heat loads. The mechanical properties of
transparent ceramics could be improved by the reduction of grain size.

1.6

Therefore,

minimizing grain size is critical for high energy laser applications.
The purpose of this research is to develop processes to fabricate sub-wavelength
grain size transparent ceramics that match or exceed the physical properties of single
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crystal analogs for high energy laser application. In order to achieve highly transparent
ceramics for high energy laser applications, the starting powders must have good
dispersion and high reactivity and the grain growth accompany with final stage of
sintering must be controlled. This research is broken down into three steps to achieve
those requirements.
1. Fabrication of the well-dispersed and highly-sinterable starting powders
2. Sintering of sub-wavelength grain-size transparent ceramics without final
stage grain growth
3. Study of the optical, mechanical, and thermal properties of fabricated
transparent ceramics.
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CHAPTER TWO
BACKGROUND

2.1.

Solid state laser
“Laser” is an acronym for Light Amplification by the Stimulated Emission of

Radiation. A laser is a device that produces an intense and highly directional beam. Laser
emission is highly coherent and at a well-defined wavelength.
A laser consists of three components as shown in Fig. 2.1.
•

Active laser medium

•

Pump source to provide energy to the laser medium

•

Optical resonator consisting of reflectors to act as the feedback
mechanism for light amplification (present for laser oscillator but not for
amplifier)

Figure 2.1. Components of a laser.2.1
Electrons in the active ions of laser medium normally reside in the ground state.
When energy from the pump source is applied to the laser medium, the electrons are
excited from the ground state to an excited state. These electrons decay to a lower energy
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metastable state. Since the electron cannot decay rapidly from the metastable state to the
ground state, they accumulate at this energy level, creating a population inversion
between the metastable state and the ground state. When the electron at the metastable
state decays spontaneously, it emits a photon, which can go on to a neighboring electron
and further stimulate emissions. The schematic of lasing process is shown as Fig. 2.2

Figure 2.2. The principle of the laser.2.2
(a) Atoms in the ground state (E1) are pumped up to the excited state (E3) by incoming
photons of energy hν13 = E3-E1. (b) Atoms at E3 rapidly decay to the metastable state (E2)
by emitting photons or emitting lattice vibrations. hν32 = E3-E2. (c) As the E2 state is
metastable, it becomes populated and there is a population inversion between E2 and E1.
(d) A random photon of energy hν21 = E2-E1 can initiate the stimulated emission. Photons
from this stimulated emission can themselves further stimulate emissions leading to an
avalanche of stimulated emissions and coherent photons are created.

The photons generally move parallel to the long axis of the laser medium. Some
are transmitted through a partially transmitting mirror; others incident on the mirror are
reflected. The light repeatedly travels forward and backward along the long axis of the
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laser medium and its intensity increase as a result of more emission is stimulated. Finally,
a high intensity and coherent laser light beam transmits through the partially transmitting
mirror.
Solid state lasers (SSL) are systems where the laser medium is a solid. In fact, a
semiconductor laser is also a solid state laser but it is generally consider separately from
the solid state laser.
Typically, a solid state laser medium is crystalline or glass host material which is
doped with the rare earth or transition metal ions. Most common dopants are rare earth
ions because the excited state of such ions are not strongly coupled with thermal
vibrations of the crystal lattice and the lasing threshold can be reached at relatively low
brightness of the pump.

2.2.

Single crystal laser medium
The most common solid state laser medium is a rare earth ion doped single

crystal. A single crystal host has many advantages over a glass host. It provides a precise
lattice sites for the laser ion rather than a distribution of sites as in a glass. Moreover, the
single crystal typically has better thermal and mechanical properties. For example, a
single crystal has higher thermal conductivity than a glass due to the fact that the
disordered structure of glasses enhances the phonon scattering.2.3
Single crystals used in SSL systems, most commonly YAG, generally are
fabricated by the Czochralski method. In this method, a seed crystal is pulled from a melt.
Since many inorganic laser materials have high melting point the crucible has to be
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thermo-mechanically stable at the melting temperature of inorganic and must resist
chemical reactions with the melt as well as with the surrounding thermal insulation.
Therefore, this technique is expensive and difficult to fabricate a large single crystal with
low impurity levels.
Another disadvantages of single crystals for laser application include a residual
stress; pulling a seed crystal from the melt in a thermal gradient results in a residual stress
in a single crystal. There is a highly stressed core with the stress pattern radiating
outward. This can lead to the cracking either when cooling or during operation.
Additionally, the level of active doping ions in single crystal can be less accurate
than desired. Single crystals tend to be more concentrated at the bottom of the crystal
boule because the concentration in the melt is typically higher than that in the crystal. The
segregation coefficient must be calculated to determine the dopant concentration in the
crystal from the initial formulation.2.4

2.3.

Transparent ceramics laser medium
Recently, transparent polycrystalline (ceramic) materials have received growing

interest as laser hosts because they have many advantages over single crystals of the same
materials.2.5-2.7
A high, more uniform doping concentration can be more easily fabricated. Large
size samples or complex shapes are possible with transparent ceramics than in single
crystals. The sintering temperature of transparent ceramics is 60–70% of melting
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temperature. Therefore, the transparent ceramics can be fabricated at lower temperatures
compared to single crystals.
Ceramics are polycrystalline structures composed of grains separated by grain
boundaries. These grain boundaries play an important role in mechanical and thermal
properties. As a result, the transparent ceramics have higher toughness and hardness
compared to the same crystal material, yet tend to have lower thermal conductivity.

Figure 2.3. Microstructure images of polycrystalline ceramics
and light scattering sources.2.8

Typically, polycrystalline ceramics are opaque due to numerous light scattering
centers such as (1) a refractive index modulation around the grain boundary, (2) a
refractive index changes by inclusions or pores, (3) segregations of the different phases,
(4) double refraction from birefringent phases, and (5) surface scattering by surface
roughness, as shown in Fig. 2.3.
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In case of solid state lasers, light amplification occurs inside the laser medium.
The light scattering sources decrease the light amplification efficiency dramatically. In
order to improve the optical quality of the ceramics up to laser grade, the light scattering
sources should be reduced.
Low-scattered translucent Al2O3 were first proposed in the 1950s by R. Coble of
General Electric Corporation. The feasibility of high grade optical ceramics was
demonstrated with the production of highly translucent ceramics such as “Lucalox” for
high voltage sodium-vapor lamps and metal halide lamps. The key finding at that time
was that by reducing the pores and controlling the microstructure permitted translucency.
By eliminating scattering centers in optically isotropic cubic materials, transparent
polycrystalline ceramics could be realized. In the 1970s, Grescovich demonstrated the
first oxide ceramic laser in transparent ceramic Nd:ThO2-Y2O3 which was successfully
used for pulsed laser oscillation.2.9 Although the achievement marked the onset of
ceramic-laser technology, the considerably low oscillation efficiency of the laser was not
satisfactory. In 1995, successful laser oscillation was first demonstrated by Ikesue, et al.,
using Nd:YAG ceramics.2.10 The experimental results indicated an oscillation threshold
and a slope efficiency of these ceramics were equivalent or superior to those of Nd:YAG
single crystal fabricated by the Czochralski method.
Since then, research and development of ceramic lasers are actively performed
throughout the world, and it is not an overstatement to say that a new paradigm based on
this technology has gradually formed for the development of future solid-state lasers.
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2.4.

Fabrication of transparent ceramics
Conventionally, the processing of advanced ceramics can be divided into three

steps:


Powder synthesis: The precursor powder could be prepared by crushing
and ball milling natural minerals to obtain fine particle size or it could be
prepared by chemical synthesis to obtain high purity and high reactivity
powder.



Powder consolidation: The powder is compacted either through wet or dry
compaction methods to desired shapes and to obtain high enough green
strength for handling.



Sintering: Sintering is the process by which a compact of powder is
transformed to a dense body upon heating at high temperature.

Figure 2.4. Schematic diagram of ceramic processing.2.11
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2.4.1. Powder synthesis
Traditional ceramic powder synthesis techniques use raw materials that are either
natural in origin or a natural mineral after thermal deposition. These materials require
crushing and grinding to obtain a desirable particle size and size distribution for most
ceramic processing. However, such powders have low purity, large particles size and
high agglomeration which lead to poor mixing, inhomogeneous packing, and low packing
density and require high sintering temperature to achieve fully density. In some cases the
sintering temperature may be close to the melting temperature of the material and result
in uncontrollable grain growth. Abnormal grain growth has been one major obstacle to
the fabrication ceramics. Hence, the rapid sweeping of grain boundary frequently results
in the entrapment of pores within grains. Those pores, now isolated within a grain, are
more difficult to remove when compared with those pores located along grain boundaries
where multiple diffusion pathways exist. Therefore, for the fabrication of transparent
ceramics, the ideal characteristics of the starting powder include:


High purity



Small particle size (preferably nanosized powder)



Narrow size distribution



Low degree of agglomeration

Chemical preparation techniques have become more important to obtain powders
that are more reactive than those prepared by traditional ceramics powder synthesis.
Better control of powder properties is possible.
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Solution Precipitation
The most common chemical preparation technique is solution precipitation. This
technique is widely used to prepare nanosized ceramic powder, since it requires generally
only common lab equipment and low cost.
Unlike traditional ceramic powder preparation, solution precipitation is feasible to
fabricate powder with low impurity content, uniform chemical composition, and fine
particle size.
The principles of solution precipitation can be explained by the LaMer diagram as
shown in Fig. 2.5.

Figure 2.5. The LaMer Diagram.2.12
As the concentration of the solute to be precipitated, Cx, continuously increases
above a critical supersaturation, Css, after some time t1, homogeneous nucleation and
growth of solutes particles will occur leading to a decrease in Cx to a value below Css
after a time t2. Further growth of the particles occurs by diffusion of solute through the
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liquid and precipitation on the particle surface. Finally, particle growth stops after a time
t3 when Cx equals to the saturated concentration, Cs.
Precipitation of ceramics precursors from metal salts is most popular chemical
approaches to producing nanocrystalline ceramic powders. A typical precipitation
procedure of oxide powders or their precursors are obtained by adding a precipitant, i.e.
ammonium hydroxide (NH4OH), ammonium hydrogen carbonate (NH4HCO3), that
produces a ligand, i.e. OH-, CO32-, directly into a solution containing metal cation which
is prepared by dissolving a metal salt with water. An insoluble precursor is precipitated
once its solubility limit is exceeded. This procedure has little control over the precipitate
precursor shape and size due to the rapid change of solution concentration and the
localized, discontinuous nature of ligand introduction and reaction. A better control of the
precipitate precursor shape and size can be accomplished if the ligand is generated
simultaneously and uniformly throughout the solution. The latter process is called
homogeneous precipitation method. The key feature of this method is the controlled
release of reaction-participating ligands by another source chemical in the solution. The
decomposition of certain organic compounds, such as urea or hexamethylenetetramine
(HMT), has been extensively used for this purpose.

Washing and Drying
After precursors are precipitated, they are separated from the solution by washing
with water several times in order to completely remove by-products of the precipitation
reaction.
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In the case of hydroxide precursors, washing of hydroxide precursors with water
has shown to lead to severe agglomeration upon drying.2.13,2.14 During washing, particle
bridging is formed by hydrogen bonds between the excess water molecules and the free
hydroxyl groups on the surface of hydroxide precursors as shown in Fig. 2.6 (a). Further
drying is suspected to lead to a condensation between hydroxyl groups from two particle
surfaces according to the following reaction:2.13
M-OH + HO-M

M-O-M + H2O

This kind of reaction results in the formation of solid bridges between two
particles (Fig. 2.6(a)) causing irreversible agglomeration.
In contrast, washing hydroxide precursors with ethanol results in the removal of
all non-bridging hydroxyl groups and coordinated water. Ethanol postulated to hydrogen
bond to surface hydroxyls, but could not cause particle-particle interaction (Fig. 2.6(b)).
Thus, the possibility of any chemical bonds forming between particles during drying is
significantly reduced inhibiting formation of hard agglomerates.2.14
It is well-known that hard agglomerates are detrimental to reaching full density
during sintering, as they cause non-uniform packing density and subsequent differential
sintering. Therefore, throughout this work, the precursors were washed with ethanol in
the last step of washing in order to prevent the formation of hard agglomerates during
drying.
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Figure 2.6. Mechanism for agglomerate formation in (A) water washed powder and (B)
ethanol washed powder. Dotted lines indicate hydrogen bonds.2.14

State of the art of Y2O3 nanopowders synthesis
Precipitation using metal salts has been verified for its feasibility for preparing
Y2O3 nanopowders with favorable powder characteristics for the fabrication of
transparent Y2O3 ceramics.2.15-2.18 There are mainly two types of inorganic yttrium
starting materials: hydroxide and carbonate.
Carbonate precursors are considered to be less sensitive to the formation of hard
aggregates during dewatering because they do not form hydrogen bond with water.
Yttrium carbonate precursor, prepared by precipitation with ammonium hydrogen
carbonate, is needlelike with diameter of ~0.03 µm and length of 0.1-0.2 µm. A fine and
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low agglomerated Y2O3 nanopowder is obtained by calcining the carbonate precursor at
1000 °C. The powder is about 0.1 µm in primary crystallite size and ~0.3 µm in
agglomerate size.2.15
Yttrium hydroxide precursor, prepared by precipitation with ammonium
hydroxide aging at 10°C, is thin flakes which agglomerate in a manner resembling house
of cards. This structure avoids the agglomeration of the final powder since the original
morphology of the precursor is not retained after calcination. The agglomerate
dissociated into fine particles after calcination over 800 °C.2.16 Moreover, the sinterability
of hydroxide derived powder can be improved by doping sulfate ions into the
precursor.2.16-2.18 The SO4-2 can absorb onto the surface of yttrium precursors due to the
electrostatic force.2.17 The SO4-2 has higher decomposition temperature than hydroxides.
The existence of SO4-2 on the surface of yttrium hydroxide precursors at comparatively
high temperature inhibits volume diffusion and/or grain boundary diffusion, and then
particle growth proceeds by surface diffusion or evaporation-condensation along with
pore growth, which results in collapse of agglomerates into well-dispersed
nanopowders.2.19

State of the art of Sc2O3 nanopowder synthesis
For Y2O3, the precipitation of yttrium hydroxide precursors with ammonium
hydroxide solution and the precipitation of yttrium carbonate precursors with ammonium
hydrogen carbonate can fabricate Y2O3 nanopowders with favorable characteristics for
the fabrication of transparent Y2O3 ceramics. Unfortunately, these two methods seem not
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so effective for the preparation of highly sinterable Sc2O3 nanopowders. The use of
ammonium hydroxide solution only yields hard aggregated scandium oxy-hydroxide
(ScOOH), whereas the carbonate precipitation route produces scandium carbonate
precursors. The Sc2O3 powder from the carbonate precursors is more reactive than those
from hydroxide precursors but it does not yield transparent ceramics.2.20,2.21
Supporting anions, such as NO3-, Cl-, and SO4-2, are known to have substantial
effects on powder properties during the solution precipitation.2.22 Among common
inorganic anions, SO4-2 has a higher coordination capability than NO3- and Cl- and shows
stronger complexing effects. The thermal decomposition of a scandium sulfate salt was
found to yield well-dispersed Sc2O3 nanopowders (~80 nm).2.23
Hexamethylenetetramine (HMT) is known to undergo slow hydrolysis in acidic
solution or at elevated temperature with the release of ammonia and formaldehyde,
causing an increase in the solution pH and precipitation.2.21,2.24,2.25 The slow
decomposition of HMT minimizes the localized distribution of the precipitating (OH-)
and hence improve the uniformity of precursor particles. The thermal decomposition of
scandium sulfate precursor (Sc(OH)2.6(SO4)0.2·H2O) precipitated from scandium sulfate
solution with HMT as a precipitant was found to yield ultrafine, well-dispersed, and high
sinterable powders.2.21,2.25

State of the art of Lu2O3 nanopowder synthesis
Lu2O3 nanopowders have been synthesized by many methods such as sol-gel,
combustion, and solution precipitation.2.26-2.28 Among those methods, powders prepared
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by sol-gel and combustion synthesis are ultrafine but their sinterability are relatively low
due to the severe agglomeration.
Solution precipitation with certain precipitants was found to produce welldispersed nanopowders. The precursors precipitated from lutetium nitrate with
ammonium hydroxide are severely agglomerated whereas the precursors precipitated
from lutetium nitrate with ammonium hydrogen carbonate show a lower agglomeration
degree than that of hydroxide-derived powders.2.28
The use of mixed solution of ammonium hydroxide and ammonium hydrogen
carbonate as a precipitant was found to produce well-dispersed, high sinterable
nanopowder. The basic carbonate precipitate precursor from the mixed precipitated
method show better dispersability and weaker agglomeration. The precursor morphology
favors the fabrication of well-dispersed Lu2O3 powder after calcination.2.28-2.30
The precipition process is somewhat similar to that of urea homogeneous
precipitation. The homogeneous decomposition of urea and subsequent dissociation of
the reaction products yield OH- and CO3-2. Chemical compositions of the precursor
obtain by mixed precipitant method is the result of the competition between OH- and
CO3-2 to from precipitates with Lu3+.2.28
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2.4.2. Sintering
Sintering is the process by which a compact of powder is transformed to a dense
body upon heating at high temperature. A nearly pore free (porosity <100 ppm)
microstructure is required for polycrystalline ceramics to achieve high transparency since
the residual pores in microstructure act as scattering centers.2.31 Therefore, the sintering
process is critical to obtain highly transparent ceramics. Many sintering approaches have
been utilized for the transparent ceramic fabrication such as pressure assisted sintering
techniques (uniaxial hot pressing2.32-2.34 and hot isostatic pressing (HIP)2.31,2.35-2.37), high
temperature

sintering

under

controlled

atmosphere,2.16,2.25

and

spark

plasma

sintering.2.38,2.39

Fundamentals of sintering
For transparent ceramic fabrication, sintering generally refers to solid state
sintering since liquid phase sintering requires sufficient liquid phase to enhance
densification which results in the formation of the secondary phases at the grain
boundaries upon cooling causing scattering. Solid state sintering of polycrystalline
materials occurs by diffusional transport of matter from regions of higher chemical
potential to regions of lower chemical potential. There are at least six different
mechanisms of sintering in polycrystalline materials as shown in Fig. 2.7.
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Figure 2.7. Six distinct mechanisms can contribute to the sintering of a consolidated
mass of crystalline particles; (1) surface diffusion, (2) lattice diffusion from the surface,
(3) vapor transport, (4) grain boundary diffusion, (5) lattice diffusion from the grain
boundary, and (6) plastic flow. Only 4-6 lead to densification, but all cause the neck to
grow and so influence the rate of densification.2.40

All mechanisms lead to bonding and growth of neck between particles, so the
strength of the powder compact increases during sintering. However, only certain of
mechanism lead to shrinkage or densification, and a distinction is commonly made
between densifying and nondensifying mechanisms. The difference between densifying
and nondensifying mechanism is shown in Fig. 2.8. Surface diffusion, lattice diffusion
from the particle surface to the neck, and vapor transport (mechanism 1-3) lead to neck
growth without densification and are referred to as nondensifying mechanisms. Grain
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boundary diffusion and lattice diffusion from grain boundary to the neck as well as pores
(mechanism 4-5) are the most important densifying mechanisms in polycrystalline
ceramics. Plastic flow by dislocation motion (mechanism 6) also leads to neck growth
and densification but it is more common in the sintering of metal powders. Table 2.1
summarizes the sintering mechanisms in polycrystalline materials.

Nondensifying

Densifying

Figure 2.8. The differences between densifying and nondensifying mechanism.2.11
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Table 2.1. Mechanisms of Sintering in Polycrystalline Materials
Mechanism

Source of Matter

Sink of Matter

Densifying

Nondensifying

1. Surface diffusion

Surface

Neck

X

2. Lattice diffusion

Surface

Neck

X

3. Vapor transport

Surface

Neck

X

4. Grain boundary diffusion

Grain boundary

Neck

X

5. Lattice diffusion

Grain boundary

Neck

X

6. Plastic flow

Dislocations

Neck

X

Stage of Sintering
Sintering stages can be defined as an interval of geometric change in which pore
shape is totally defined or an interval of time during which the pore remains constant in
shape while decreasing in size. Base on that definition, sintering stages have been defined
as the initial stage, the intermediate stage, and the final stage as shown in Fig. 2.9.
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Figure 2.9. Schematic diagram showing the three stages of sintering.2.41

Initial Stage (Stage I)
During the initial stage, the interparticle contact area increases by neck growth
(Fig. 2.9). It is assumed to last until the radius of the neck between the particles has
reached a value of ~0.4-0.5 of the particle radius. For a powder system, the neck growth
corresponds to an increasing in density to about 65% of the theoretical density.

Intermediate Stage (Stage II)
The intermediate stage begins when the pores have reached their equilibrium as
dictated by the surface and interfacial tensions. The structure of pores is usually idealized
in terms of continuous pores channels locating along the grain edges. Densification is
assumed to occur by pores shrinking to their cross-section. Eventually, the pores become
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unstable and pinch off becoming isolated pores. During this stage, the relative density
increases from 65 to ~90 percent of the theoretical.

Final Stage (Stage III)
The final stage begins when the pore channel collapse to become isolated close
pores. Such collapse results in a substantial decrease in pore pinning which trigger
accelerated grain growth. Final pore elimination occurs by mass transfer from the grain
boundaries to the pores attached to the grain boundaries. If the pores break away from the
grain boundaries because of grain growth, the pores will be insolated from the grain
boundaries in the final stage and further pore removal will be limited by the rate of lattice
diffusion. Failure to reach full density is often caused by such pore break away.

Effect of sintering atmosphere on densification
For the fabrication of transparent ceramics, the sintering atmosphere plays an
important role on the densification and microstructure development. In the final stage of
sintering, as the pores pinch off and become isolated, gas from the sintering atmosphere
or from volatile species in the powder become trapped in the pores. At the point when the
pores become isolated, the pressure of the trapped gas is equal to the pressure of sintering
atmosphere. Further sintering is influenced by solubility of the trapped gas atom in solid
as shown in Fig. 2.10
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Figure 2.10. Effect of atmospheric gas on final stage densification.2.40

For insoluble gas, as shrinkage of isolated pores takes place, the gas pressure is
compressed and its pressure increases. Shrinkage stops when the gas pressure becomes
equal to the compressive pressure of driving force for sintering resulting in the residual
pores in the final microstructure.
Vacuum sintering is widely used for fabricating transparent ceramics2.15,2.16,2.25
since the vacuum pressure removes gases in sintering atmosphere before the onset of pore
closure eliminating the problem of trapped gases.
Hydrogen (H2) atmosphere sintering is also promising to obtain transparent
ceramics.2.42 The small molecule of H2 is favorable for interstitial diffusion. Therefore,
when the H2 is introduced, densification is unaffected by gas trapped in the pores because
rapid diffusion through the lattice or along the grain boundaries can occur during
shrinkage. The schematic of the effect of atmospheric gas on final stage densification is
shown in Fig. 2.10
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2.4.2.1. Pressure-assisted sintering
Sintering with an externally applied pressure is referred to as pressure-assisted
sintering, or simply as pressure-sintering. There are three principal ways in which the
pressure is applied to the sample, giving rise to the following methods:
1. Hot pressing, where the pressure is applied uniaxially to a powder in a die.
2. Sinter forging, which is similar to hot pressing but without confining the
sample in a die.
3. Hot isostatic pressing, where the pressure is applied isostatically by mean of
gas.
A key advantage of pressure-assisted sintering is the ability to enhance
significantly the densification rate relative to the coarsening rate. Thus, the sample can be
sintered to achieve high density and fine grain size at lower sintering temperature or
shorter sintering time than conventional sintering.
A disadvantage of pressure-assisted sintering is the high cost of production.
Pressure-assisted sintering also has a size limitation.

Hot isostatic pressing
In hot isostatic pressing, sometimes abbreviated HIP, most ceramic powders are
first compacted to form a shaped green body to develop some strength for handling. The
green body can be encapsulated in a glass or metal can, or it may be sintered to closed
porosity prior to HIP. The green body with open porosity can not be densified without
encapsulation because the high pressure of the pressurizing gas in the pores resists the
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sintering stress. The materials commonly used for encapsulation consist of a thin wall
metal can (e.g., Mo or Ta) or a glass can. Following densification, the can is removed
mechanically or chemically (by dissolution).

2.4.2.2. Two-step sintering
In order to obtain fully dense ceramics, a sample is conventionally sintered at high
temperature and held at that temperature until reaching full density. This results in rapid
grain growth which always occurs during final stage of sintering. Conventional
approaches for sintering transparent ceramics results in coarse-grained microstructures
with average grain sizes approaching tens to hundreds of micrometers. Large grained
materials tend to exhibit a lower mechanical strength than smaller grain-sized materials.
As a result, larger grained materials are less desirable in applications demanding high
thermal shock resistance, such as high-energy laser systems that can generate significant
heat loads. One way to improve the strength of ceramics is to develop ultrafine,
preferably nanoscale, grain sizes.
From a thermodynamics aspect, at a temperature range where grain boundary
diffusion is active, but grain boundary migration is sufficiently sluggish, densification
would continue without any significant grain growth. On basis of this idea, Chen and
colleague developed a novel technique called two-step sintering to suppress the
accelerated grain growth at the final stage of sintering by triple junctions.2.43,2.44
In order to succeed in two-step sintering, a sufficiently high starting density
(≤75% of theoretical density) should be obtained during the first step in order to render
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pores unstable against shrinkage (which occur by capillary force) and create grain
boundary network. When the lowering sintering temperature to the second step, the grain
boundary network is frozen and acts as atomic diffusion path driving the subsequent
sintering step. The feasibility of densification without grain growth during the second
step relies on the suppression of grain boundary migration while keeping grain boundary
diffusion active. If the second step sintering is conducted at too low temperature,
densification proceeds for a while and then become exhausted. If the second step
sintering is conducted at too high temperature, grain growth is observed. This suggests
that grain boundary migration may involve a thermal activation process that has higher
activation energy than grain boundary diffusion itself. Thus, it is active at higher
temperature but it is suppressed at lower temperature. Wang, et al., suggested that
relatively immobile triple points (including three-grain junction line, four-grain junction
points and their equivalent involving grain/pore junctions) may provide a drag
mechanism.2.44 This idea is schematically sketched in Fig. 2.11 that delineates the grain
boundary mobility (Mb) and junction mobility (Mj), assuming the latter has higher
activation energy. The mobility of grain boundary network, which is required to allow
grain growth in a polycrystalline ceramic, is given by (Mb-1 + Mj-1)-1. Therefore, the
network mobility follows the grain boundary mobility at high temperature and junction
mobility at low temperature, and below temperature when Mb ~ Mj it is essentially frozen
despite considerable grain boundary diffusion. Two-step sintering has been successfully
applied for sintering of Y2O32.44, Al2O32.45, BaTiO32.46, Ni-Cu-Zn ferrite2.46, ZnO22.47, and
SiC2.48.
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Figure 2.11. Schematic Arrhenius for grain boundary diffusion, mobility of pore/grain
junction or four-grain junction, and intrinsic mobility of grain boundary which parallel to
grain boundary diffusion.2.44

State of the art of fabricating Y2O3 ceramics
The first transparent Y2O3 ceramic was reported by Brissett, et al., in 1966 by
thermomechanically deforming cold pressed powder compacts.2.49 The compact was
pressed without die between refractory plungers, but neither pressure nor temperature
were given in their report. Grains were found to be elongated perpendicular to pressuring
direction.
Then in the late of 1960s, transparent Y2O3 ceramics were prepared by hot
pressing without additives2.32 or with addition of LiF.2.50 The role of LiF was investigated
by Majima, et al., in 1994.2.33 They found that LiF formed a thin liquid film, which could
be subsequently removed by the vacuum conditions and stepwise pressing.
After having successfully sintered alumina to transparency by small addition of
magnesia (MgO), intensive efforts were carried out at the research and development
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center of General Electric Company in order to find a dopant that would give similar
effect with Y2O3. In 1967, the addition of 10 mol% thoria (ThO2) was found to inhibit
grain growth during sintering and allows the sintering process to proceed to obtain high
transparent Y2O3 ceramics.2.51 Originally, commercially available Y2O3 powder was used
and mixed with 10 mol% of thorium nitrate. The powders were then calcined and cold
isostatically pressed. The powder compacts were finally sintered in H2 atmosphere at
2000 °C. The obtained transparent Y2O3 ceramics were commercialized as Yttralox,
referring to trademark of translucent alumina, Lucalox. However, the optical quality of
this material was still not good enough for laser application. The quality of this material
was further improved by Greskovich, et al., by utilizing the coprecipitation of yttrium and
thorium nitrate with oxalic acid. The improvement of optical quality was due to the finer
and purer of starting powders.2.52
In 1973, by doping 1% Nd2O3 in this material, Greskovich and Chernoch
fabricated polycrystalline ceramic rods, called Nd-doped Yttralox, that had the flash
lamp-pumped thresholds and slope efficiencies the same level as that of commercially
Nd-doped glass laser at that time.2.9,2.53
In 1981, Rhodes fabricated transparent Y2O3 ceramics by addition of 8-10 mol%
La2O3. The key was a controlled transient solid phase to retard grain growth sufficiently
that pores remained on grain boundaries and were eliminated by solid state diffusion.
Once the porosity was reduced to a low level (≤0.1%), the temperature was changed such
that the solid phase dissolved into a single phase, cubic solid solution.2.54
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In the late 1990s, by combination of nanocrystalline powder technology and
vacuum sintering method, Konoshima Company developed a great progress in fabricating
laser quality transparent YAG ceramics. By using a similar manufacturing method,
highly transparent Y2O3 ceramics can be accomplished. The primary reason of this
success was the fabrication of high sinterable Y2O3 nanopowder by solution
precipitation.2.15,2.16,2.18

State of the art of fabricating transparent Sc2O3 ceramics
The fabrication of transparent Sc2O3 ceramics was firstly reported by Gazza et al.
in 1971.2.55 The transparent ceramics were prepared by hot pressing a commercially
available Sc2O3 powder at 1550-1600 °C under pressure of ~45 MPa for 1-2 hour. The
samples were crack and dark. Cracking of the sample was believed to be caused by
thermal stress during cooling. A darkening in color of the sample was attributed to some
oxygen deficiency produced by hot pressing in graphite dies.
The fabrication of transparent Sc2O3 ceramics by pressureless sintering was
developed in the early 2000s by combination of nanopowder technology and vacuum
sintering technique.2.23,2.25,2.56 The key of this success was due to the synthesis of
nanopowders with good dispersion and high reactivity.2.23
In 2003, Li, et al., fabricated polycrystalline Sc2O3 transparent ceramics by
vacuum sintering, using powders thermally pyrolyzed at 1200 °C from scandium sulfate
salt (Sc2(SO4)3·7.8H2O).2.23 The ceramics exhibited an in-line transmittance of
approximately 56-58% in the visible region. The further improvement of transparency
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was accomplished by preparing nanopowders via solution precipitation techniques.2.25,56
Li, et al., prepared a basic sulfate precursor (Sc(OH)SO4·2H2O) precipitated from mixed
solutions of scandium nitrate (Sc(NO3)3) and ammonium sulfate ((NH4)2SO4) at room
temperature. The transparent Sc2O3 ceramics showing transmittance of ~70% in the
visible wavelength region were fabricated by using powders calcined from a basic sulfate
precursor.2.56 Li, et al., also reported the fabrication of transparent Sc2O3 ceramics by
vacuum sintering using powders pyrolyzed from a basic sulfate (Sc(OH)2.6(SO4)0.2·H2O)
precipitated from scandium sulfate solution with HMT.2.25 The grain size of ceramics was
~9 µm showing a visible wavelength transmittance of ~60-62%.

State of the art of fabricating transparent Lu2O3 ceramics
In 2002, Lempicki, et al., fabricated Eu-doped Lu2O3 transparent ceramics for Xray imaging by hot pressing, using powders calcined from a precursor precipitated from
europium doped lutetium nitrate and oxalic acid.2.57 In the same year, Lu, et al., prepared
highly transparent Nd:Lu2O3 ceramics for laser application using nanocrystalline
technology and vacuum sintering method.2.58 The ceramics were prepared using a powder
calcined from a precursor precipitated from neodymium-doped lutetium chloride and
urea.
In 2006, a novel co-precipitation process was developed for the preparation of
highly sinterable europium-doped lutetia powders using ammonium hydroxide and
ammonium hydrogen carbonate as the mixed precipitant.2.29 The result powders calcined
at 1000 °C for 2 hours showed well dispersion and high sinterability. Highly transparent
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Lu2O3 ceramics exhibiting in-line transmittance of 80% were fabricated by pressureless
sintering in flowing H2 atmosphere at 1850 °C for 6 hours. The Nd:Lu2O3 transparent
ceramics were also successfully fabricated using the same method.2.59
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CHAPTER THREE
Er-DOPED Y2O3 NANOPARTICLES: A COMPARISON OF DIFFERENT
SYNTHESIS METHODS

3.1. Introduction
Rare earth-doped Y2O3 nanoparticles are important precursors for the fabrication
of transparent ceramics for high-power solid-state laser systems. Combustion synthesis3.1
and solution precipitation3.2-3.5 are among the various methods to fabricate Y2O3
nanopowders. Previous efforts have studied the effect of synthesis method3.1,3.3 and
calcination temperature3.4,3.5 on particle characteristics. However, a thorough comparison
of the characteristics of the as-prepared and calcined Y2O3 nanopowders fabricated
through these two efficient synthesis approaches has not been made so far.
While the increased sinterability that is associated with the large surface area of
ultrafine Y2O3 particles aids in reducing the sintering temperatures3.3,3.4 it also can be
responsible for undesired agglomeration and adsorption of atmospheric gases (such as
CO2) on the particle surfaces.3.6 These gases can react and form carbonate compounds
and further evolve CO2 gas during sintering. This CO2 release during sintering could
remain as residual porosity within the sintered body and, thus reduce the optical quality
of Y2O3 transparent ceramics.3.7
The purpose of this chapter is to compare erbium-doped yttria (Er:Y2O3)
nanopowders synthesized using two different synthesis methods : solution precipitation
and combustion synthesis. The use of erbium as a dopant is because it has an efficient
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emission at 1.55 µm that is considered more eye-safe than the shorter wavelength
emissions of Nd3+ and Yb3+ at approximately 1 µm in wavelength.3.8 More specifically,
the precursor characteristics, size, and morphology as well as the CO2 and H2O
absorption on the surfaces of the Er:Y2O3 powders are compared with the aim of
developing the level of understanding of the factors that influence the sinterability of
Y2O3 nanopowders.

3.2. Experimental Procedures
3.2.1. Powder Synthesis
3.2.1.1. Solution Precipitation
The solution precipitation method involved two different precipitation routes for
the synthesis of Er:Y2O3 nanoparticles. The first route uses ammonium bicarbonate
(AHC) as the precipitating reagent to obtain yttrium carbonate precursor, whereas the
second approach involves ammonium hydroxide (NH4OH) to precipitate yttrium
hydroxide precursor. Two separate batches of 0.25 M parent solution were prepared for
each precipitation route, by dissolving yttrium nitrate hexahydrate (99.9% purity, Acros
Organics, Fair Lawn, NJ) and erbium nitrate pentahydrate (99.9% purity, Acros
Organics) in 200 mL ultrapure water. The [Er+3]/[Y+3] concentration was fixed at 0.25
mol%. In order to precipitate the yttrium carbonate precursor, a 0.25 M, 200 mL AHC
(99.5% purity, Fluka, St. Lois, MO) solution was added into one of the parent solution
batches, whereas yttrium hydroxide precipitation involved adding 45 mL of NH4OH
(28.9 % purity, Fisher Scientific, Fair Lawn, NJ) into the other batch.
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Both batches were aged for 24 hours at room temperature. The yttrium carbonate
and hydroxide precursors were recovered by centrifuging and washed several times with
ultrapure water followed by ethanol to remove the byproducts. After the final washing
step, the precursors were dried under vacuum, at 60 oC overnight.
Calcination of the precursors was performed at 900 oC at a heating rate of 30
o

C/min and held for a dwell time of 2 hours. Powders synthesized through AHC were

given additional calcination treatments at 1000 oC and 1100 oC. All calcination
treatments were performed under oxygen, flowing at 3L/min.

3.2.1.2. Combustion Synthesis
The combustion synthesis of 0.25 mol% Er:Y2O3 utilized yttrium nitrate
hexahydrate (99.9% purity, Acros Organics), erbium nitrate pentahydrate (99 % purity,
Acros Organics) and glycine (99.9% purity, Sigma Aldrich, St. Lois, MO). These
precursors were dissolved in distilled water at a constant glycine-to-nitrate ratio of 1:1.
The solution was heated at 500 °C for an hour and then cooled down to room
temperature. The resultant particles were either crushed by mortar and pestle and then
calcined at 900 oC for 4 hours or were dispersed in a 5 mol% ammonium sulfate (99.99%
purity, Sigma Aldrich) solution under mild stirring for 10 min. Following dispersion in
the ammonium sulfate solution, particles were separated using centrifuge and dried in a
vacuum oven at 60 oC, overnight and subsequently calcined at 900 °C for 4 hours.
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3.2.2. Powder Characterization
Phase evolution of the Er:Y2O3 powders were investigated by Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), Brunauer-Emmet-Teller (BET),
conventional transmission electron microscopy and high resolution (HR) TEM. All the
measurements were performed at room temperature (~20 oC) except for BET as described
below.
The FTIR spectra were measured using a Fourier transform infrared spectrometer
(Model Nicolet 6700, Thermo Scientific, Waltham, MA), over the 500-4000 cm-1 wave
number region with a resolution of 2 cm-1. X-ray diffraction patterns were collected with
a θ- 2θ diffractometer ( Model XDS-2000, Scintag, Cupertino, CA) using a Li-doped Si
detector utilizing Cu Kα radiation, operating at 40 kV and 30 mA.
The effect of synthesis technique on the specific surface area (Sp) of the calcined
powders was investigated using the standard BET technique with nitrogen (N2)
adsorption at approximately 195 oC, using an automatic surface area analyzer (Model
ASAP 2010, Micromeritics, Norcross, GA).
Microstructural characterization of the powders was performed using a
conventional (TEM) and HR-TEM. TEM (Model 7600, Hitachi Instruments, Pleasanton,
CA) was operated at 120 kV, whereas HR-TEM (Model 9500, Hitachi Instruments) was
operated at 300 kV. TEM samples were prepared by diluting Y2O3 powder (0.05g) in 30
mL methanol. The suspension was sonicated for 15 min in order to deagglomerate the
powders. One drop of this solution was placed on a copper grid for further microscopic
examination.
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3.2.3. Sintering Er:Y2O3 powders
After calcination, the Er:Y2O3 nanopowders were uniaxially compacted into
pellets in a 13 mm diameter steel die at 10 MPa. The pellets were than pressed
isostatically at 200 MPa for 6 min using a cold isostaic press (Model 3-12-60 C,
American Isostatice Press, Columbus,OH). The pellets were sintered isothermally at 1700
o

C for 4 hours using a tube furnace (Model CTF 18/300, Carbolite, Watertown, MA)

under vacuum (~10-5 Pa). Finally, the density of the sintered pellets was measured using
the Archimedes principle. In this paper the relative density is defined as the ratio of the
experimentally measured density of sintered Er:Y2O3 pellets to the theoretical density of
Er:Y2O3 (5.031 g/cm3).

3.3. Results and Discussion
3.3.1. Precursor Composition
The influence of the fabrication method on the precursor composition was
examined using FTIR spectroscopy and XRD analysis. Figure 3.1(a) provides the FTIR
spectrum of the carbonate-derived powder in the mid-infrared region (500-4000 cm-1).
Peaks relating to carbonate (CO32-) species and water are observed. The peaks at 1502
and 1416 cm-1 correspond to the ν3 asymmetric and symmetric stretching of the CO32group, respectively, and confirms the presence of CO32- ions in the yttrium precursor.3.9
Additional evidence of carbonate is found within the region below 1100 cm-1 where the
peaks at about 1095 and 844 cm-1 are assignable to the ν1 symmetric stretching mode and
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ν2 out-of-plane deformation mode of CO32-, respectively. Furthermore, the bands between
800 and 650 cm-1 are due to the out-of-plane ν4 deformation of CO32-. 3. 10
The FTIR spectrum also exhibits a broad absorption band over the range 30003500 cm-1, with greatest intensity occurring at 3331 cm-1 and a less intense absorption at
1650 cm-1. The broad peak can be attributed to the OH stretching frequency, whereas the
OH bending frequency at 1650 cm-1 is very weak and appears as a shoulder on the lefthand side of the CO32- asymmetric stretching band.3.6
The chemical phase of the yttrium carbonate precursor, as identified using XRD,
is nominally yttrium carbonate hydrate,3.11 as shown in Fig. 3.1(b).The XRD indicates
that yttrium carbonate precursor has partially crystallized. The semicrystalline nature of
the yttrium carbonate precursor was also verified using HR-TEM and by observing lattice
fringes associated with particles, Fig. 3.1(c). The FTIR spectrum of yttrium precursor
synthesized using NH4OH is shown in Fig. 3.2(a). The presence of OH groups in the
precursor was confirmed by the peaks in the region 3000-3600 cm-1 and at 1641 cm-1,
which can be assigned to OH stretching and bending vibration modes, respectively.
Evidence for nitrate (NO3-) formation can be found at 1350 cm-1 and presence ν1
symmetric stretching mode of CO32- at 1043 cm-1 indicates that the yttrium precursor had
come in contact to carbon dioxide (CO2) during preparation. It is well known that,
yttrium hydroxide, like other lanthanides, can absorb CO2 from the atmosphere during
precursor drying and/or exposure of dried powder to the air.3.6,3.12
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Figure 3.1. Yttrium carbonate hydrate synthesized using ammonium hydrogen carbonate
reagent. a) Fourier transform infrared spectroscopy spectrum b) X-ray diffraction pattern
(JCPDS card number is 81-15383.11) of Y2(CO3)3(H2O)2, and c) high-resolution
transmission electron microscopy micrograph.

47

The XRD analysis helped to verify that the hydroxide-derived precursor is a
hydrated yttrium hydroxyl-nitrate with chemical formula Y2(OH)5.14(NO3)0.86.nH2O (see
Fig. 3.2(b)).3.13

Figure 3.2. Hydrated yttrium hydroxyl-nitrate (Y2(OH)5.14(NO3)0.86·nH2O)
synthesized using ammonia water reagent. (a)Fourier transform infrared spectroscopy
spectrum (b) X-ray diffraction pattern (JCPDS card number is 32-14353.13) of the
Y2(OH)5.14(NO3)0.86·nH2O.
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Figure 3.3. Fourier transform infrared spectroscopy spectrum of
combustion synthesized yttrium precursors. Combustion synthesis was performed
(a) without sulfate ions and (b) with sulfate ions.

The FTIR spectrum of the combustion synthesis-derived nanoparticles is shown in
Fig. 3.3(a). The characteristic absorption bands of the CO32- can again be observed at
1493, 1407, 1078 and 844 cm-1. The split frequency peaks of the ν3 asymmetric and
symmetric stretching vibration of the CO32- group is clearly visible at 1505 cm-1 and 1420
cm-1, as well as the ν1 symmetric stretching mode and at 1078 cm-1 and ν2 out-of-plane
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deformation mode at 844cm-1. Furthermore, broad transmittance peak corresponding to
the absorbed water is present over the range 3000-3500 cm-1.
The influence of adding sulfate ions (SO42-) to the initial solution on the resultant
phase of the yttrium precursor is shown in Fig. 3.3(b). In addition to the aforementioned
molecular water and carbonate groups, the FTIR spectrum of the precursor displays an
extra peak at around 1100 cm-1 which is associated with ionic sulfate, SO42-.3.14 The
combustion synthesized precursors exhibited identical XRD patterns independent of
doping history as, shown in Fig. 3.4. The XRD peaks of these precursors are consistent
with that of cubic yttrium oxide.3.15 Furthermore, the broad XRD peaks and high

(440)
(622)

(400)

(211)

(222)

background of the diffraction spectrum indicates that precursors have poor crystallinity.

Figure 3.4. X-ray diffraction patterns of combustion synthesized yttrium precursors.
(JCPDS card number of Y2O3 is 89-5591.3.15)
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3.3.2. Calcined Powders
Yttrium precursors, synthesized using different fabrication methods, were
calcined at 900 oC in order to obtain highly crystalline yttrium oxide powders. The XRD
patterns of the calcined powders, given in Fig. 3.5, are consistent with cubic Y2O3,3.15
indicating that, independent of the synthesis route, 900 oC is sufficient to convert yttrium
precursors into crystalline Y2O3. The X-ray peaks of the Y2O3 powders fabricated
through combustion synthesis with the addition of sulfate ions (Fig. 3.5(a)) appear to be
broader in comparison to those of the combustion synthesized Y2O3 without sulfate ions
(Fig 3.5(b)), as well as the solution precipitated Y2O3 powders (Fig. 3.5(c) and (d)) which
suggests a lesser degree of crystallinity.
The effect of the addition of a small amount ammonium sulfate during
combustion synthesis on the degree of crystallinity can be understood by considering the
resultant particle size and the level of agglomeration of calcined Y2O3 nanoparticles.
Figure 3.6(a) and (b) compare the TEM micrographs of combustion-synthesized Y2O3
powders with and without the addition of sulfate ions. As is evidenced by these
micrographs, the sulfate-doped particles are spherical, well-dispersed and generally
smaller particles when compared to the relatively larger and rather agglomerated particles
synthesized without ammonium sulfate.
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Figure 3.5. X-ray diffraction patterns of Y2O3 powders calcined at 900 °C. The
powders were synthesized using (a) combustion synthesis (with sulfate ions) (b)
combustion synthesis (c) solution precipitation (AHC), and (d) solution precipitation
(NH4OH). AHC, ammonium hydrogen carbonate; NH4OH, ammonium hydroxide.

Y2O3 crystals that were synthesized from yttrium carbonate precursor are
pseudospherical in shape and loosely agglomerated powders, as shown in Fig. 3.6(c).
However, these particles grow and develop into well-defined crystals during calcination.
Finally, the platelet-like morphology of Y2O3 particles synthesized using NH4OH
reagent, given in Fig. 3.6(d), is consistent with the anisotropic growth behavior of
Y2(OH)5.14(NO3)0.86.nH2O. As shown by Voigt, the yttrium hydroxide precursors are
layered structures and grow more rapidly in the direction perpendicular to the plane of
layers and result in the platelet-like morphology.3.16
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Figure 3.6. Transmission electron microscopy micrographs of Y2O3 powders calcined at
900 °C and synthesized using (a) combustion synthesis (with sulfate ions), (b)
combustion synthesis, (c) solution precipitation (AHC), and (d) solution precipitation
(NH4OH). AHC, ammonium hydrogencarbonate; NH4OH, ammonium hydroxide.

The BET analysis, given in Fig. 3.7, further supports the fact that the sulfate
doping decreases the particles size, as a result the surface area of Y2O3 particles increase
from 19.35 m2/g to 43.12 m2/g; corroborating the TEM observations. Y2O3 particles in
deionized water solutions with pH levels < than 8.5 have a positive ξ potential.3.17 Since
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the diluted solution of Y2O3 in deionized water considered in this study had a pH of 6.9,
one may expect the SO42- ions to adsorb onto the surface of Y2O3 particles. Figure 3.8
provides a measure of the SO42- ion concentration in the combustion synthesized and
calcined Y2O3 powder. The SO42- peak at 1100 cm-1 can be observed in the FTIR
spectrum of Y2O3 combustion synthesized using sulfate ions (see Fig. 3.8(b)). The
presence of SO42- at these high temperatures is expected to reduce diffusion between
neighboring particles during calcination and result in smaller particle size and better
dispersion. Moreover, TEM observations suggest that, these SO42- ions tend to decrease
the anisotropy of the surfaces, hence eliminate unequal growth rates along different
crystallographic directions during calcination and generate spherical particles.

Figure 3.7. Brunauer–Emmet–Teller surface area measurements of Y2O3 powders
calcined at 900 °C and synthesized using (a) combustion synthesis (with sulfate ions), (b)
solution precipitation (AHC), (c) combustion synthesis, and (d) solution precipitation
(NH4OH). AHC, ammonium hydrogen carbonate; NH4OH, ammonium hydroxide.
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Figure 3.8. Fourier transform infrared spectroscopy spectrum of combustion
synthesized-yttria powders calcined at 900 °C. Combustion synthesis was performed
(a) without sulfate ions and (b) with sulfate ions.

Furthermore, it was found through BET analysis that carbonate-derived Y2O3
powders, calcined at 900oC, have a relatively high surface area (Sp=24.04 m2/g) when
compared to combustion synthesized Y2O3 powders without any sulfate addition
(Sp=19.35 m2/g) and the powders synthesized using NH4OH (Sp=18.34 m2/g). The rapid
preferential growth of along a specific crystallographic direction and severe
agglomeration appears to be responsible for the lowest measured surface area of the
powders synthesized using NH4OH. Nevertheless, the combustion synthesized, sulfatedoped powders exhibited the highest surface area when compared to solution
precipitated, as well as the combustion synthesized undoped Y2O3. The higher surface
area, thus smaller particle size, of these nanopowders may account for the decreased low
observed crystallinity observed in XRD analysis.
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Figure 3.9. Transmission electron microscopy micrographs of the ammonium
hydrogen carbonate-derived yttria powders calcined at (a) 1000 °C and (b) 1100 °C.

Finally, in order to understand the effect of calcination temperature on the
morphology and surface area of the powders, in addition to 900 °C, the carbonate-derived
Y2O3 particles were calcined at 1000° and 1100 °C and the resultant powder
characteristics were compared using TEM and BET analysis. Crystal growth with
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increasing calcination temperature was evidenced from the transmission electron
micrographs of the powders calcined at 1000° and 1100 °C given in Fig. 3.9(a) and (b),
respectively. Upon examining the these micrographs it can be concluded that the
microstructural evolution of the Y2O3 nanoparticles with increasing calcining temperature
can be explained by an Oswald ripening process where larger particles grow at the
expense of smaller ones. The Oswald ripening is expected to decrease the overall surface
area, corroborated by the BET measurements, shown in Fig. 3.10, and total surface
energy because the particle growth is accompanied by the aggregation of neighboring
particles into larger particles.

Figure 3.10. Brunauer-Emmet-Teller surface area measurements of the
ammonium hydrogen carbonate-derived yttria powders calcined at
(a) 900 °C, (b) 1000 °C , and (c) 1100 °C.

3.3.3. Surface Activity of the Calcined Powders
The FTIR spectra of the Y2O3 nanoparticles calcined at 900 °C confirmed the
existence of the characteristic vibration of Y-O bond at approximately 560 cm-1, shown in
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Fig. 3.11. In addition to Y2O3 formation, the FTIR spectra, independent of the
synthesizing approach, show evidence of adsorbed water (broad band over 3650-3000
cm-1) as well as carbonate formation (split peak at 1537 and 1434 cm-1), as indicated by
the characteristic peaks of each molecular group.

Figure 3.11. Fourier transform infrared spectroscopy spectrum of yttria (Y2O3)
powders calcined at 900 °C. Powders were synthesized using (a) combustion synthesis
(with sulfate ions), (b) solution precipitation (AHC), (c) combustion synthesis,
(d) solution precipitation (NH4OH). The intensity of the hydroxyl and carbonate
peaks decreases from (a) to (d). The specific surface area (Sp) of Y2O3 fabricated through
different synthesis approaches are also given on the figure.

The intensity of the peaks, observed in the FTIR spectrum, relative to the
background transmission, can be used for a semi-quantitative analysis of the remnant
carbonate and adsorbed OH. The differing intensities of the peaks corresponding to the
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CO32- and OH groups suggest that carbonate and adsorbed OH levels in the powders
depends on the synthesizing route. It should be noted that the FTIR spectrums given in
Fig. 3.11 are off-set from one another, thus the intensity of the peaks do not reflect the
actual percent transmittance but rather are in arbitrary units. The combustion-synthesized
and sulfate-doped Y2O3 powder exhibits the highest amount of carbonate and hydroxyl
indicating that Y2O3 powders fabricated in this manner contain the maximum carbonate
and water amounts. The carbonate and hydroxyl peaks associated with the Y2O3 powders
precipitated using NH4OH have the smallest intensity and indicates the smallest
carbonate and water amounts.

Figure 3.12. Fourier transform infrared spectroscopy spectrum of the AHC
derived yttria powders calcined at (a) 900 °C, (b) 1000 °C, and (c) 1100 °C.

In order to examine the influence of calcination temperature on the remnant
carbonate and adsorbed water, AHC-derived Y2O3 powders calcined at 900°, 1000°, and
1100 °C were examined using FTIR and the results of this analysis is given in Fig. 3.12.
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This figure indicates that, the relative intensities of the peaks corresponding to CO32- and
OH groups are temperature dependent and decreases with increasing calcination
temperature.
Interestingly, the FTIR analysis of the Y2O3 powders synthesized through
different methods, as well as that of the AHC derived powders calcined at different
temperatures showed that, the calcined powders with the greatest carbonate and hydroxyl
stretching also have to the highest surface area and the intensity of carbonate and
hydroxyl peaks decreases with decreasing surface area.
The hydrated yttrium carbonate decomposes at relatively low temperatures,
typically below 700 oC.3.18 It is believed that the H2O and CO32- groups observed in the
FTIR data arise from H2O and CO2 adsorption from the air during various stages of
handling. Moreover, varying quantities of H2O and CO32- on the particle surfaces
demonstrate that the surface activity of the particles depends on the fabrication history;
particles with higher surface area being more susceptible to H2O and CO2 absorption
when exposed to air.

3.3.4. Sinterability of the Y2O3 powders
The calcined Y2O3 powders were compacted into pellets and sintered at 1700 oC
for 4 hours under vacuum in order to examine the influence of the tradeoff between
increasing surface area and respectively increasing gas absorption of the Y2O3 starting
powders on their final density. The relative density of the Y2O3 samples is plotted as a
function of relative gas absorption, as well as surface area, as shown in Fig. 3.13. A
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qualitative measure of the amount gas absorption on the Y2O3 nanoparticles after
calcination is given using numbers from one through four. These numbers correspond to
the relative intensities of CO32- and H2O peaks observed during the FTIR analysis, one
representing the lowest amount of gas absorption and four representing the highest
amount.

Figure 3.13. Relative density of the sintered yttria nanopowders as a function of
gas absorption and surface area of the starting powders. The powders were
synthesized using solution precipitation (NH4OH; ), combustion synthesis (∆),
solution precipitation (AHC; ο) and combustion synthesis (with sulfate ions; ◊).
AHC, ammonium hydrogen carbonate; NH4OH, ammonium hydroxide.

Figure 3.13 shows that the relative density of the Y2O3 particles increased with
increasing surface area. Although this condition also results in a higher gas adsorption,
increasing gas adsorption on the particle surfaces was not associated with the lower
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density. On the contrary, the Y2O3 particles which exhibited the smallest gas adsorption
also had the lowest sintered density. Whereas Y2O3 powders fabricated by combustion
synthesis with the addition of sulfate ions showed the highest sinterability with a relative
density of about 97%. The particles fabricated using this method had the highest surface
area and highest gas absorption after calcination.

3.4. Conclusions
Two different powder synthesis methods, solution precipitation and combustion
synthesis, were used to fabricate Er:Y2O3 nanoparticles. Yttrium carbonate or yttrium
hydroxide can be obtained as a precursor through solution precipitation depending on the
precipitating reagent whereas phase-pure, cubic Y2O3 is obtained through combustion
synthesis. Er:Y2O3 nanoparticles synthesized from yttrium hydroxide precursors and from
precursors obtained through combustion synthesis are agglomerated and have lower
surface area. Agglomeration, particle size, and crystallinity of the combustion
synthesized Er:Y2O3 particles can be reduced by addition of a small amount of
ammonium sulfate.
The high surface area achieved through the addition of ammonium sulfate
indicates a higher degree of powder sinterability. However, FTIR analysis indicated that
calcined Er:Y2O3 particles absorb carbon dioxide and water when exposed to air and the
amount of CO2 and H2O adsorption depends on the surface area, with the increasing
surface area being associated with increasing CO2 and H2O absorption on the
nanoparticle surfaces. Although, both CO2 and H2O are expected to evolve as gases
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during sintering of these nanosized oxides and result in porosity within the sintered
ceramic, the release of extensive amount of CO2 and H2O gases during sintering do not
degrade the benefit of increased powder sinterability due to increased surface area. Our
results indicate that the condition for obtaining a high relative density after sintering is
using Y2O3 particles with a large surface area. Although, this condition also increases the
amount of gas absorption on the surface of the particles, increased gas absorption does
not have a detrimental influence on the sintered density. This study indicated that the
most favorable synthesis powder fabrication method for achieving a high sintered density
was combustion synthesis with the addition of sulfate ions.
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CHAPTER FOUR
SYNTHESIS, PROCESSING, AND PROPERTIES OF SUBMICROMETERGRAINED HIGHLY TRANSPARENT YTTRIA CERAMICS

4.1. Introduction
Transparent Y2O3 ceramics have recently received a great deal of attention at
potential high-power solid-state laser host. Typically, transparent Y2O3 ceramics are
fabricated by pressure sintering (hot pressing4.1 or hot isostatic pressing4.2,4.3), or
pressureless sintering at high temperatures (1700-2170 °C)4.4-4.8. The grain size of
transparent Y2O3 ceramics fabricated by the above methods usually is in a range tens to
hundreds of micrometer due to significant grain growth at the final stage of sintering.
Large-grained ceramics tend to have lower strength than smaller grained ceramics and, as
a result, the large-grained ceramics are less desirable in applications demanding high
thermal shock resistance such as high energy solid state lasers.
Although the strength of ceramics can be enhanced by a reduction in grain size,4.9
it is difficult to produce bulk dense nanograined ceramics because of rapid grain growth
during the final stage of sintering. Chen and colleague4.10,4.11 have developed a new twostep- sintering technique. The first step entails heating the sample to a high temperature
(T1) in order to achieve a density greater than about 75% such that sufficient triple
junctions exist throughout the sample to pin grain boundaries. In the second step, the
sample then is cooled to a lower temperature (T2), where grain boundary diffusion is
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active but grain boundary migration is impeded due to this triple junction pinning.
Therefore, densification continues without significant grain growth by prolonged
isothermal heating at this lower temperature (T2). This technique has been successfully
used for producing nanograined Y2O3 ceramics with grain sizes of <200 nm.4.11 However,
from the reported densities, it could be seen that those Y2O3 ceramics were not fully
dense and contained small amounts of residual porosity. These pores would cause optical
scattering, making the ceramics translucent and not transparent.
In this chapter, we report the fabrication of submicrometer-grain-sized transparent
Y2O3 ceramics using a modified two-step sintering approach. The microhardness and
fracture toughness of these ceramics are also reported.

4.2. Experimental procedures
4.2.1. Powder preparation and sample compaction
In the present study, 0.25 at% Er-doped Y2O3 nanopowders were prepared by coprecipitation with ammonium hydroxide. A 0.25 M of erbium doped yttrium nitrate
solution was prepared by dissolving yttrium nitrate hexahydrate (Acros Organics, 99.9%,
Fair Lawn, NJ) and erbium nitrate pentahydrate (Acros Organics, 99.9%, Fair Lawn, NJ)
in ultrapure water. A 5 mol % solution of ammonium sulfate (Sigma Aldrich, 99.99%, St.
Louis, MO) was added into the nitrate solution and a 2.0 M ammonium hydroxide (Fisher
Scientific, Certified A.C.S. Plus, Fair Lawn, NJ) solution was added drop-wise in order to
precipitate a yttrium nitrate precursor. The precipitated precursor was maintained for 3
hours at room temperature and then washed twice with ultrapure water and ethanol. After
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the final washing, the precipitate was dried at 60 °C overnight under vacuum. The dried
precursor was calcined at 1050 °C for 4 hours under oxygen, flowing at 3 L/min to yield
Y2O3 nanopowders.
The morphology and particle size of Y2O3 nanopowders were determined using
transmission electron microscopy (TEM; model H7600T, Hitachi, Pleasanton, CA). The
average particle size was measured by averaging approximately 200 particles from TEM
images. The specific surface area of the Y2O3 nanopowders was determined by the
Brunauer-Emmet-Teller method (BET; model ASAP 2010, Micrometrics, Norcross, GA)
with nitrogen (N2) adsorption at approximately 195°C. The equivalent particle size
( DBET ) could be estimated from BET surface area using
DBET =

6
ρ ⋅ S BET

(4.1)

where ρ is the theoretical density of Y2O3, which is 5.031 g/cm3 (JCPDS card no.411105), S BET is the specific surface area measured by BET method.
Phase identification was preformed by an X-ray diffractometer (XRD; XDS 2000,
Scintag, Cupertino, CA) using CuKα with wavelength of 0.15406 nm. Infrared spectra
were collected using a Fourier-transformed infrared spectrometer (Nicolet 6700 FT-IR,
Thermo Scientific, Waltham, MA).
The calcined powders were uniaxially pressed into pellets at approximately 15
MPa without any binding additives. After uniaxial pressing, the pellets were subjected an
additional pressing for 5 min using a cold isostatic press (American Isostatic Press 3-1260 C, Columbus, OH) operating at 206 MPa to obtain a green density of about 55%.
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4.2.2. Sintering
In order to study the effect of conventional sintering and two-step sintering on the
microstructure of Y2O3 ceramics, green bodies were sintered by both conventional
sintering and two-step sintering under vacuum (< 10-3 Pa). Conventional sintering was
performed at temperatures ranging from 1300º to 1600 °C at 50 °C intervals at a heating
rate of 10 °C/min. After reaching the desired temperature, the furnace was cooled
naturally to room temperature. For the two-step sintering, the samples were heated at a
heating rate of 10 °C/min to a higher temperature (T1), and then cooled down at 50
°C/min to a lower temperature (T2) and held at T2 for 20 hours. The T2 temperature was
determined from the maximum linear shrinkage rate as measured by vertical dilatometer
(Linseis, Model L75, Princeton Junction, NJ). The green bodies were heated at a heating
rate of 10 °C/min to 1700 °C, and then cooled down at 30 °C/min to 700 °C. After that,
the furnace was cooled down naturally to room temperature.
In order to obtain transparent Y2O3 ceramics, the fully dense two-step-sintered
samples were subsequently hot isostatically pressed (HIP; model 6-30H, American
Isostatic Press, Columbus, OH) at 1300 °C under an argon pressure of 206 MPa for 3
hours which is denoted as HIPed two-step sintering. For comparison, an Er-doped Y2O3
transparent ceramic was also prepared by conventional sintering at 2000 °C for 6 hours at
a heating rate of 5 °C/min.
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4.2.3. Characterization of sintered samples
The density of the sintered samples was determined by the Archimedes method
using distilled water. The density of distilled water was 0.9982 g/cm3. The relative
density was determined as the ratio of measured density to the theoretical density of
Y2O3, which is 5.031 g/cm3 (JCPDS card no.41-1105). The sintered samples were
mechanically polished using 600, 800, and 1200 grit silicon carbide papers. Final
polishing was performed with a colloidal silica suspension. Microstructures of sintered
samples were observed by field-emission scanning electron microscopy (FE-SEM; model
4800, Hitachi, Pleasanton, CA) using samples that were either fractured or polished and
then thermally etched at a 100 °C lower sintering temperature for an hour. The average
grain size of low-density (<70%) sintered samples was estimated from the fracture
surface by averaging approximately 300 grains from SEM images. The average grain size
of high density (>70%) sintered sample was determined from the polished, and then
thermally etched, surface by lineal intercept method from SEM images followed ASTM
E112-96. Based upon the tetrakaidecahedron shape model and a log-normal distribution
of grain sizes, the average grain size was calculated using
D = 1.571

C
MN

(4.2)

where D is the average grain size; C the measuring line length; M the magnification;
and N the number of grains intercepted by measuring line.4.12
The transmittance of the sintered Y2O3 ceramics was measured over the
wavelength region from 200 to 2000 nm using a UV-VIS spectrometer (UV/VIS/NIR
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Lambda 900, Perkin Elmer, Norwalk, CT) at normal incidence. The samples thickness
was about 1 mm.
The Vickers microhardness and fracture toughness for the Y2O3 samples were
obtained from 25 indentations made using a microhardness tester (MHT series 200,
LECO, St. Joseph, MI). The microhardness was calculated using
 P 
H = k 2 
d 

(4.3)

where P is the load on the indenter; d is the indentation diagonal; and k is the shape factor
of the indenter, which is equal to 1.854 for a pyramidal-shaped indentation. In this study,
loads of 0.5N were used initiate radial cracks, assumed to be a half penny crack profile.
At larger loads, lateral cracks were identified. This initiation load is similar to other
fracture toughness studies on Y2O3.4.13
The fracture toughness was estimated from the linear lengths of the crack that
emerged from the corners of indentations. Assuming a half-penny crack profile, the
fracture toughness can be calculated using

K IC = 0.016(E H )

12

(P C )
32

(4.4)

where E is the Young’s modulus and C is the linear size of radial crack.4.14 For the
purpose of these calculations, the Young’s modulus of transparent Y2O3 was considered
to be 179.8 GPa according to Yeheskel and Tevet.4.15 The linear size of redial crack was
determined by measuring the radial crack length from SEM images.

71

4.3. Results and Discussion
4.3.1. Powder characterization

Figure 4.1. FTIR spectra of the precursor and calcined powder at 900° and 1050 °C.

Figure 4.1 shows the FTIR spectra of the uncalcined and calcined Y2O3 precursor.
The FTIR spectra of uncalcined precursor exhibits a broad peak over the range from
3000-3750 cm-1 and a peak at 1640 cm-1, which can be attributed to the OH stretching
and OH bending frequencies, respectively. The IR absorption due to NO3- is observed at
1342 cm-1.4.16 The presence of the ν3 asymmetric and symmetric stretching vibrations of
the CO32- at 1520 and 1403 cm-1, as well as the ν1 symmetric stretching mode of CO32- at
1051 cm-1 and the ν2 out-of-plane deformation mode of CO32- at 844 cm-1 indicates the
adsorption of carbon dioxide during preparation. It is well know that yttrium hydroxide
can adsorb carbon dioxide from the atmosphere during precursor drying and/or
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storage.4.16 The peak at around 1114 cm-1 is associated with SO42-.4.17 The presence of
SO42- can inhibit volume diffusion and/or grain boundary diffusion, which results in the
formation low agglomerated particles after calcination.4.18
The vibrational features from molecular water, free hydroxyl groups, NO32-, and
SO42- are no longer present on calcination at 1050 °C, while the Y-O vibration at 562
cm-1 is a key indication of highly crystalline Y2O3.4.19

Figure 4.2. XRD pattern of the precursor and calcined powder at 900° and 1050 °C.

The XRD patterns of the uncalcined and calcined precursors are presented in Fig.
4.2. The XRD pattern of the uncalcined precursor shows the peaks of a hydrated yttrium
hydroxyl nitrate with chemical formula Y2(OH)5.14(NO3)0.86·nH2O (JCPDS card no. 321435). After calcination at 1050 °C for 4 hours, the yttrium precursors transform to cubic
Y2O3 (JCPDS card no. 41-1105).
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The morphology of the Y2O3 nanopowders obtained by calcination at 1050 °C for
4 hours is shown in Fig. 4.3. The Y2O3 nanopowders are loosely agglomerated and fairly
uniform with an average particle size of 45±10 nm. The specific surface area of the Y2O3
nanopowders is 14.23 m2/g. The equivalent particle size ( DBET ) is 84 nm, indicating a
slight agglomeration of Y2O3 nanopowders.

Figure 4.3. Transmission electron microscopy of Er-doped Y2O3 powders

calcined at 1050 °C for 4 hours.

4.3.2. Sintering

The densification behavior of Er-doped Y2O3 ceramics, studied by dilatometry, is
shown in Fig. 4.4. The onset of densification is at about 1100 °C. The linear shrinkage
rate is maximal when the temperature reaches about 1400 °C. Figure 4.5 shows the
relative density of Er-doped Y2O3 ceramics as a function of the sintering temperature. It
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can be seen that the relative density of the sintered samples increases rapidly with
increasing sintering temperature within the range from 1350-1450 °C.

Figure 4.4. Shrinkage and shrinkage rate of Er-doped Y2O3 ceramics versus temperature.

Figure 4.5. The relative density of Er-doped Y2O3 ceramics versus sintering temperature.
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Figure 4.6. The average grain size of Er-doped Y2O3 ceramics versus sintering

temperature.

The average grain size of sintered samples as a function of the sintering
temperature is shown in Fig. 4.6. The average grain size of sintered samples increases
slowly with increasing sintering temperature below 1500 °C but increases rapidly with
increasing sintering temperature above 1500 °C. The average grain size of sintered
samples at 1500 °C is about 320 nm.
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Figure 4.7. Grain size and density of 0.25% Er-doped Y2O3 ceramics in two-step

sintering and conventional sintering.

Figure 4.7 shows the average grain size as a function of the relative density of
sintered samples. It can be seen that the average grain size increases slowly with an
increase in the relative density below 95%. However, when the relative density reaches
about 95%, the average grain size increases rapidly, indicating the transition from the
intermediate state of sintering to the final stage of sintering. In the intermediate stage of
sintering, the continuous pore channels locate along the grain edges. The presence of
these pores suppresses the grain growth. However, such pore channels collapse in the
final stage of sintering to become isolated pores, which typically results in a decrease in
pore pinning and accelerated grain growth.4.20
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From above results, it could be seen that the highest densification rate occurs
within a sintering temperature between 1350 °C and 1450 °C, while the rapid grain
growth occurs at the sintering temperature above about 1500 °C. As the densification and
grain growth occur at different temperature it is possible to obtain a fully dense ceramics
without promoting grain growth.4.21
In order to obtain an ultrafine grain structure while obtaining a fully densified
ceramic, two-step sintering was used. The samples were heated to T1 in order to achieve
an intermediate density and to render pores unstable and then cooled to T2 and
isothermally held until a fully dense and transparent ceramic was obtained.
The results of Fig. 4.6 indicate that the grain size increases rapidly above 1500
°C. Therefore, T1 should be lower than 1500 °C in order to avoid grain growth. Further, it
is known from Fig. 4.4 that the maximum linear shrinkage rate occurs at about 1400 °C;
accordingly, this defines the second temperature, T2. In two-step sintering, the green
compacts were heated at 1500 °C and then cooled to 1400 °C and held isothermally for
20 hours.
The relative density of two-step-sintered Y2O3 ceramics was greater than 99%.
The sintered ceramic was translucent, as shown in Fig. 4.8(a), indicating some remnant
porosity. The average grain size of two-step-sintered Y2O3 ceramics was 332 ± 52 nm
(the representative SEM image is provided in Fig. 4.8(b)). The grain size of the Er doped
Y2O3 samples was shown in Fig. 4.7 to increase from the starting particle size of 45 ± 10
nm to 320 ± 35 nm during the first sintering step. During the second sintering step, the
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relative density of the sample increases from 95% to > 99%, while the grain size of the
sample increased only slightly from 320 ± 35 to 332 ± 52 nm.
Although the two-step-sintering method can suppress the grain growth, the 20
hours sintering performed in this work showed that it can not entirely eliminate the
residual pores that reduce the optical transparency of the samples. Typically, a
transparent Y2O3 ceramic is sintered at temperature between 1700–2170 °C.4.5,4.6,4.22-4.24
This high temperature sintering provides a significant driving force for eliminating
residual pores. The two-step sintering conducted in this work is carried out at lower
temperatures that seem not seem to provide a sufficient driving force required for
eliminating residual pores. Therefore, in order to remove such pores, an additional
driving force was applied by subsequently hot isostatically pressing sintered samples.

Figure 4.8. (a) Optical image of the two-step-sintered Er-doped Y2O3 ceramic. (b)

Scanning electron microscopy micrograph of the two-step-sintered Er-doped Y2O3
ceramic.
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Figure 4.9. (a) Optical image of the polished hot isostatically pressed (HIPed) Er-doped

Y2O3 ceramic. (b) Scanning electron microscopy micrograph of the microstructure of the
HIPed Er-doped Y2O3 ceramic.

The HIPing of the samples was carried out at 1300 °C in an argon pressure of 206
MPa for 3 hours. After HIPing, the translucent ceramic becomes highly transparent, as
shown in Fig. 4.9(a). The average grain size of the HIPed sample is 343 ± 70 nm (Fig.
4.9(b)). HIPing of ceramic samples at a temperature lower than T2 can eliminate the
residual pores by taking advantage of the pressure-assisted densification without
promoting grain growth.

4.3.3. Characterization

Figure 4.10 shows the room temperature transmission spectra of the two-stepsintered ceramic and the HIPed two-step-sintered ceramic over the wavelength region of
200 to 2000 nm. The in-line transmittance of a Y2O3 single crystal was computed from
refractive index data reported by Nigara.4.25 The transmittance of the non-HIPed two-
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step-sintered ceramic is less than 2% in visible range (400 – 800 nm) due to scattering
from residual pores in the microstructure. After HIPing, the residual pores were
eliminated, resulting in a significant improvement in the optical clarity. Above 1200 nm,
the transmittance of the HIPed two-step-sintered Y2O3 ceramic is equivalent to that of a
single crystal. The absorption peak at about 390 and 540 nm are due to the Er3+ dopant.

Figure 4.10. Optical transmission spectra of the two-step-sintered Er:Y2O3 ceramic,

HIPed two-step-sintered Er:Y2O3 ceramic, and Y2O3 single crystal.

The Vickers microhardness and fracture toughness for submicrometer grained
Y2O3 ceramics were measured by indentation. For comparison, an Er-doped Y2O3
transparent ceramic was also prepared by conventional sintering at 2000 °C for 6 hours.
The average grain size of this conventionally sintered ceramic was 328 ± 73 µm.
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Table 4.1. The microhardness and fracture toughness of transparent Er:Y2O3 ceramics
Microhardness

Fracture toughness

Relative density

Grain size

(GPa)

(MPa·m1/2)

(%)

(µ
µm)

7.23 ± 0.35

0.81 ± 0.07

99.73

328

9.09 ± 0.41

1.39 ± 0.07

99.81

0.34

Sample

Conventional
sintering
HIPed-Two step
sintering

The microhardness and fracture toughness of the conventionally sintered ceramic
and HIPed two-step-sintered transparent ceramics are shown in Table 4.1. The
microhardness and fracture toughness of the conventionally sintered transparent Y2O3
ceramics with an average grain size of 328 µm are close to the value obtained by Harris
et al.4.26 for HIPed, polycrystalline Y2O3 ceramics with an average grain size of 450 µm.
The microhardness of the conventionally sintered, large grain sized ceramic is 7.23 GPa.
As the grain size decreases to 0.3 µm by the use of HIPed two-step sintering, the
microhardness increases up to 9.09 GPa. It has commonly been accepted that
microhardness generally increases with decreasing grain size as the dislocations
generated by the indenter are blocked by the grain boundaries.4.27 In conventionally
sintered transparent ceramics with an average grain size of 328 µm, the size of
indentation is about 10 µm which is very small compared to grain size. However, as the
grain size decreased, the effect of grain boundaries becomes significant due to the
increasing microhardness. The microhardness of HIPed two-step-sintered ceramic
exceeds that of the conventionally sintered ceramic by about 25%.

82

Figure 4.11. Micrograph of the indentation in (a) conventionally sintered ceramic and (b)

hot isostatically pressed (HIPed) two-step-sintered ceramic; micrograph of the
indentation crack in (c) a conventionally sintered ceramic, and (d) a HIPed two-stepsintered ceramic

Fracture toughness also exhibited a similar behavior. The indentation cracks in the
328-µm average grain-sized samples are longer and straighter as shown in Fig. 4.11 (a)
and (c). As the grain size decrease, the indentation cracks become shorter and less
straight, as shown in Fig. 4.11 (b) and (d), as a result of

the increasing fracture

toughness. The fracture toughness of a HIPed two-step-sintered ceramic with an average
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grain size of 0.3 µm exceeds that of the conventionally sintered ceramic with an average
grain size of 328 µm by about 70%. A similar trend of the grain size dependence with
microhardness and fracture toughness in fully dense Y2O3 was also observed by Tani et
al.4.28

4.4. Conclusion

Er-doped Y2O3 nanopowders with the average particle size of 45 nm and low
agglomeration were synthesized by a solution precipitation method. The green compacts
of these nanopowders were sintered by two-step sintering and then HIPing in order to
obtain highly transparent nanograined Y2O3 ceramics. The resulting 0.3-µm grain-sized
transparent Y2O3 ceramic exhibited a transparency equivalent to that of the single crystal
beyond 1200 nm. The microhardness and fracture hardness of the HIPed two-stepsintered transparent Y2O3 ceramic with an average grain size of 0.3 µm exceeded those of
conventionally sintered transparent Y2O3 ceramic with an average grain size of 328 µm
by 25% and 70%, respectively.
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CHAPTER FIVE
SUB-MICROMETER GRAIN-SIZED TRANSPARENT SCANDIA CERAMICS

5.1. Introduction

Scandia (Sc2O3) is a promising host material for high energy solid state lasers.5.1
This cubic sesquioxide readily can be doped with rare earth ions thus permitting a wide
range of possible emissions.5.2-5.5 Moreover, Sc2O3 exhibits a thermal conductivity of
about 16.5 W/m·K, which is higher than that for YAG (~ 10.7 W/m·K) or for Y2O3 (12.8
W/m·K).5.6 Thermal conductivity is especially critical as high energy laser systems
continue to scale towards multi-kilowatt power levels.
Transparent Sc2O3 ceramics have been successfully fabricated by vacuum
sintering compacts of nanoparticles at high temperature (1700° – 1750 °C).5.5,5.7-5.9 These
Sc2O3 ceramics have relatively large grain sizes, ranging from 10-30 µm, due to
significant grain growth that occurs during the final stage of sintering.5.5,5.7,5.8 These
larger grain sized ceramics tend to not offer significant enhancements to strength or
thermal shock resistance that smaller grain sized transparent ceramics afford.5.10
Pressure-assisted sintering, e.g., hot isostatic pressing (HIP), can be an effective
approach for achieving full density and small grain size. A key advantage of pressureassisted sintering is the ability to enhance significantly the densification rate relative to
the coarsening rate. Thus, a sample can be sintered to high density at lower sintering
temperature or shorter sintering time than conventional sintering thereby promoting a
smaller grain size. However, the sample must first achieve a fairly high level of closed
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porosity (> 92% of theoretical density) in order to transmit more effectively the external
pressure exerted during HIP. However, at such levels of densification rapid grain growth
usually occurs during the final stage of sintering. Additionally, pores tend to separate
from the grain boundaries due to abnormal grain growth. Those pores, now isolated
within a grain, are more difficult to remove when compared with those pores located
along grain boundaries where multiple diffusion pathways exist. These residual pores
scatter light and greatly reduce the transparency of the resultant ceramics. As such,
particularly for high energy laser systems, the high level of transparency required
necessitates very low residual porosity.
Two-step sintering, first proposed by Chen, et al.,5.11,5.12 is a promising technique
to fabricate dense nanocrystalline ceramics without grain growth in the final stage of
sintering. In the first step, a sample is heated to a higher temperature (T1) to obtain a
density greater than 75%, which corresponds to a condition in which pores are unstable
against shrinkage. The sample is then cooled to a lower temperature (T2) where grain
boundary diffusion is active but grain boundary migration is greatly slowed. Therefore,
densification should continue without significant grain growth by prolonged isothermal
heating at the lower temperature. This technique is a promising approach for obtaining
high density samples with small grain sizes, which then can be HIPped to achieve high
transparency.

This has been shown experimentally for another cubic sesquioxide,

yttria.5.10,5.13
In this chapter, we report the fabrication of sub-micrometer grain-sized
transparent Sc2O3 ceramics by two-step sintering followed by HIP. Even though the
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sesquioxides are cubic, hence optically isotropic, grain boundaries can often cause optical
scattering and so the synthesis of such sub-micrometer, hence sub-wavelength, grainsized ceramics should exhibit reduced scattering. This is critical for next generation high
energy laser systems where absorption and scattering must be mitigated.

5.2. Experimental procedure
5.2.1. Powder preparation and sample compaction

In this study, 0.25 atom percent Er-doped Sc2O3 nanopowders were prepared by a
co-precipitation technique. A scandium nitrate solution was prepared by dissolving Sc2O3
powder in excess amounts of nitric acid at approximately 80 °C. Erbium nitrate
pentahydrate (Acros Organics, 99.9%, Fair Lawn, NJ) was added into the scandium
nitrate solution to yield 0.25 atom% Er-doped Sc2O3. A 1.0 M ammonium hydroxide
solution was added drop-wise into an equivolume amount of 0.2 M erbium-doped
scandium nitrate solution in order to precipitate erbium-doped scandium hydroxide. After
homogenizing for an hour, the hydroxyl precipitates were separated by centrifugation and
then washed several times with water. Erbium-doped scandium sulfate was prepared by
dissolving the hydroxyl precipitates with a stoichiometric amount of sulfuric acid. In this
case, the Er-doped Sc2O3 nanopowders were prepared by adding drop-wise a 1.0 M
hexamethylenetetramine (HMT) solution into the 0.1 M of scandium sulfate solution
under mild stirring at 80 °C. After homogenizing for an hour, the precipitates were
washed several times with water and dried in vacuum oven at 70 °C. The precursors were
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calcined at 1100 °C for 4 hours under flowing oxygen gas at 3 L/min to yield Sc2O3
nanopowders.
The morphology of the Sc2O3 nanopowder was observed using transmission
electron microscopy (TEM; model H7600T, Hitachi, Pleasanton, CA). The average
particle size was determined by averaging the diameter of approximately 200 particles.
Phase identification was performed by an X-ray diffractometer (XRD; XDS 2000,
Scintag, Cupertino, CA) using CuKα with wavelength of 0.15406 nm in the range of 2θ =
10°-70°. Infrared spectra were recorded by Fourier transformed infrared spectrometer
(FTIR; Nicolet 6700 FT-IR, Thermo Scientific, Waltham, MA) in the region of 400-4000
cm-1.
The calcined nanopowders were uniaxially pressed into pellets at approximately
15 MPa without any binder and then cold isostatically pressed under a pressure of 200
MPa. The green density of pellets was about 50%.

5.2.2. Sintering

Conventional sintering was carried out at 1300°-1600 °C under vacuum (<10-3 Pa)
at a heating rate of 10 °C/min in 50 °C temperature intervals. After reaching the desired
temperature the furnace was cooled naturally to room temperature. For two-step
sintering, the two-step sintering was performed as described in chapter 4.
In order to obtain transparent Sc2O3 ceramics, the dense (> 98%) two-step
sintered samples were subsequently hot isostatically pressed (HIP; model 6-30H,
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American Isostatic Press, Columbus, OH) at 1300 °C under an argon pressure of 206
MPa for 3 hours which is denoted as ‘HIPed two-step sintering.’

5.2.3. Characterization of sintered samples

The bulk density of the sintered samples was determined by the Archimedes
method using distilled water. The density of distilled water is 0.9982 g/cm3. The relative
density was determined as the ratio of measured density to theoretical density of Sc2O3
which is 3.84 g/cm3 (JCPDS card no.42-1463). The sintered samples were mechanically
polished as described in chapter 4. The microstructure of the sintered samples was
observed using a field-emission scanning electron microscopy (FE-SEM; model 4800,
Hitachi, Pleasanton, CA). The average grain size of the sintered samples was determined
by lineal intercept method as described in chapter 4.
The optical transmittance of the sintered Sc2O3 ceramics was measured over the
wavelength region from 200 to 2000 nm using a UV-VIS spectrometer (Perkin Elmer
UV/VIS/NIR Lambda 900, Norwalk, CT) at normal incidence. The samples thickness is
about 1 mm.
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5.3. Results and Discussion
5.3.1. Powder characterization

Figure 5.1. FTIR spectra of the precipitated precursors and the Er-doped Sc2O3

nanopowder calcined at 1100 °C for 4 hours.

The FTIR spectra of the precipitate precursor and the Sc2O3 nanopowder calcined
at 1100 °C for 4 hours are shown in Fig. 5.1. The precipitated precursor exhibits the
absorption band of a hydrated basic sulfate.5.7 The broad peak at ∼3300 cm-1 is attributed
to the OH stretching vibration which is the coupled effects of molecular water
(symmetric ν1 and anti-symmetric ν3, at ∼3200-3500 cm-1) and free hydroxyl groups
which are coordinated with scandium ions but not part of molecular water (∼3000-3800
cm-1). The absorption peak at ∼1640 cm-1 is the characteristic of H-O-H bending mode
(ν2) of molecular water. The multiple bands in the ∼955-1270 cm-1 range are
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characteristic of SO42-. The absorption due to molecular water, free hydroxyls, and SO42are no longer present after calcining at 1100 °C for 4 hours. The absorption peak at ∼627
cm-1 is attributed to the Sc-O vibration.

Figure 5.2. XRD patterns of the precipitate precursor and the Er-doped Sc2O3

nanopowder calcined at 1100 °C for 4 hours.

XRD patterns of the precipitate precursor and the Sc2O3 nanopowders calcined at
1100 °C for 4 hours are shown in Fig. 5.2. The precipitated precursor exhibits a low
degree of crystallinity and the XRD pattern cannot be identified against known scandium
oxide compounds. However, a similar XRD pattern was also observed by Li, et al.,5.14
from the precursor prepared by a similar method. After calcination at 1100 °C for 4
hours, the precursor transforms into cubic Sc2O3 (JCPDS card no. 42-1463). The
morphology of Er-doped Sc2O3 nanopowders calcined at 1100 °C for 4 hours is shown in
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Fig. 5.3. The calcined nanopowders are loosely agglomerated and uniform in size with
average particle size of 39 ± 12 nm.

Figure 5.3. Transmission electron microscopy of Er-doped Sc2O3 nanopowders calcined

at 1100 °C for 4 hours.

5.3.2. Sintering

5.3.2.1. Conventional sintering
Conventional sintering was carried out in order to study the effect of sintering
temperature on densification and grain growth. Figure 5.4 shows the relative density and
the grain size of the sintered samples as a function of temperature. The relative density of
the sintered samples increases rapidly from 72% to 92% with increasing temperature in
the range of 1300°-1450 °C while the grain size of sintered samples increases slowly. In

95

contrast, the relative density of the sintered samples increases slowly to about 1450 °C
while the grain size of sintered samples increases rapidly. The densification was nearly
complete (>99%) at 1600 °C without an isothermal dwell.

Figure 5.4. The relative density and average grain size of Er-doped Sc2O3 ceramics

versus sintering temperature.

Figure 5.5 shows the average grain size as a function of relative density. The
average grain size increases slowly with an increasing in the relative density below 92%.
However, the average grain size increases rapidly with an increase in relative density
above 92%. The transition in grain growth behavior indicates the transition of sintering
state from intermediate state to final stage. According to Coble’s sintering model,5.15 the
cylindrical pores locate along the grain edges during the intermediate state. These pores
can limit the grain boundary migration, for which grain growth is suppressed. These pore
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channels collapse becoming isolated pores after the final stage begins which results in a
decrease in pore pinning and accelerated grain growth.5.16,5.17

Figure 5.5. The average grain size and relative density of Er-doped Sc2O3

ceramics in two-step sintering and conventional sintering.

5.3.2.2. Two-step sintering
Green compacts were sintered using various two-step firing schedules as shown in
Table 1. The relative density and the average grain size of the sintered samples are also
included in Table 5.1.
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Table 5.1. Two-step sintering of Er-doped Sc2O3 ceramics
Relative
Sample

Grain size

Relative

Grain size

density (%)

G2 (µ
µm)

T2(°
°C)

T1(°
°C)
density (%)

G1 (µ
µm)

TSS1

1550

97.89

0.49

1500

99.59

0.68

TSS2

1550

97.89

0.49

1450

99.28

0.59

TSS3

1550

97.89

0.49

1400

99.17

0.50

TSS4

1500

95.66

0.38

1450

99.59

0.76

TSS5

1500

95.66

0.38

1400

99.09

0.47

TSS6

1500

95.66

0.38

1350

99.28

0.40

TSS7

1450

92.23

0.31

1400

99.27

0.45

TSS8

1450

92.23

0.31

1350

99.29

0.37

TSS9

1450

92.23

0.31

1300

99.22

0.30

TSS10

1450

92.23

0.31

1250

94.87

0.32

TSS11

1400

86.05

0.25

1350

98.87

0.36

TSS12

1400

86.05

0.25

1325

98.18

0.28

TSS13

1400

86.05

0.25

1300

92.52

0.28

According to Chen and Wang,5.11,5.12 the success of two-step sintering depends
strongly on the selections of T1 and T2. The green compacts are sintered at T1 in order to
obtain a relative density higher than 75% in order to render pores unstable and able to
shrink. If the relative density is lower than this critical density, the pore size is large
compared to the grain size. Thus, such pores are thermodynamically stable and can not be
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removed.5.18 This critical density may vary, depending on pore size and
microstructure,5.19 which is influenced by the morphology of the precursor powders and
the forming process. In this work, the lowest starting density for the second step was
86%.

Figure 5.6. Kinetic window for achieving full density without grain growth.

For the selection of T2, the second step sintering must be performed at the
temperature where grain boundary migration is suppressed while grain boundary
diffusion remains active.5.11,5.12 If the second step sintering is performed at too low of a
temperature, sintering is exhausted before full density is achieved. If the second step
sintering is performed at too high temperature, grain growth is observed. The kinetic
window for reaching full density without grain growth is shown in Fig. 5.6. where the
solid symbols indicate the condition to obtain full density without grain growth for the

99

Sc2O3 samples synthesized in this work. The open symbols that lie above the upper
boundary indicate conditions where grain growth will occur. The open symbols that lie
below the lower boundary indicate conditions where no grain growth is observed but
densification is exhausted. It could be seen that the upper boundary of T2 required for
densification without grain growth increases with the increasing grain size at T1 (G1).
This can be explained by the increasing driving force at smaller grain sizes, so that grain
growth of smaller grain-sized ceramics occurs at lower temperatures.5.11,5.12,5.20,5.21 In
contrast, the lower boundary of T2 required for the densification without grain growth
decreases with the increasing G1. This suggests that grain boundary diffusion itself can be
suppressed at lower temperature. Interface kinetics in very fine grain materials generally
is limited due to difficulties in maintaining diffusion sources and sinks to accommodate
point defects. This effect is lessened at larger grain sizes so densification can progress at
lower temperatures.5.11-12,20-21 A similar kinetic window is also observed in Y2O3 5.11,5.12,
BaTiO3 5.20,5.21, Ni-Cu-Zn Ferrite 5.20, and BiScO3-PbTiO3 5.22.
A comparison of microstructural development versus relative density of Er-doped
Sc2O3 ceramics sintered by two-step sintering and by conventional sintering is shown in
Fig. 5.5. As can be seen, dense Sc2O3 ceramics with average grain size about 0.3 µm are
produced by two-step sintering. The grain size of two-step sintered ceramics is
significantly smaller than those prepared using conventional sintering.
Two-step sintering was also performed at higher temperatures (TSS1, TSS2, and
TSS3) in order to investigate the feasibility of fabricating sub-micrometer grained
transparent Sc2O3 ceramics by two-step sintering without HIP. TSS1 exhibited the best
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transparency. However, it was, at best, translucent and not transparent. Therefore, the
further HIP was conducted in order to remove residual pores in the microstructure.

5.3.3.3. Hot Isostatic pressing
Hot isostatic pressing (HIPing) was performed at 1300 °C under an argon
pressure of 206 MPa for 3 hours using the high density two-step sintered samples, i.e.,
TSS3, TSS6, and TSS9. Each sample was sintered at different T1 values. The HIPed twostep-sintered samples are denoted as HIPed-TSS. The average grain size of HIPed twostep-sintered ceramics is close to the average grain size of two-step sintered ceramics, as
is shown in Table 5.2. HIPing at lower temperatures can eliminate the residual pores by
taking advantage of pressure-assisted densification without promoting grain growth.

Table 5.2. The average grain size of sintered Er-doped Sc2O3 ceramics.
Grain size (µm)
Sample
Two-step sintering

HIPed two-step sintering

TSS3

0.50 ± 0.05

0.53 ± 0.08

TSS6

0.40 ± 0.03

0.42 ± 0.04

TSS9

0.30 ± 0.03

0.33 ± 0.04
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Figure 5.7 shows an optical micrograph of selected polished HIPed two-step
sintered-ceramics. The HIPed-TSS3 has lower transparency compare to the others. The
optical transmittance of polished HIPed two-step sintered-ceramics is shown in Fig. 5.8.
For comparison, the calculated maximum transmission, using refractive index data
reported by Takaichi, et al.5.23 is also included in Fig. 5.8. The absorption peaks at about
382, 525, 658, and 1534 nm are due to the absorption transition of Er3+ ions5.24, which is
for subsequent spectroscopic measurements not reported here.

Figure 5.7. Optical micrograph of polished hot isostatically pressed two-step-sintered

(HIPed-TSS) Er-doped Sc2O3 ceramics.
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Figure 5.8. The optical transmittance of HIPed two-step-sintered (HIPed-TSS) Er-doped

Sc2O3 ceramics

The transmittance of HIPed-TSS3 is about 63% at the wavelength of 1.55 µm,
which is the main emission of interest from Er3+. The transmittance of HIPed-TSS6 and
HIPed-TSS9 at the wavelength of 1.55 µm was about 79% and 80%, respectively. The
lower transmittance of HIPed-TSS3 compare to the others might be explained by the
effect of T1.
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Figure 5.9. Scanning electron microscopy micrograph of the microstructure of

Er-doped Sc2O3 ceramic sintered (a) at 1550 °C for 0 min and (b) at 1450 °C for 0min
and the microstructure of (c) HIPed-TSS3 and (d) HIPed-TSS9.

TSS3 was sintered at T1 equal to 1550 °C. At 1550 °C, grains begin growing
rapidly as was shown in Fig. 4. As a result, pores tend to separate from the grain
boundaries and become intra-granular pores as shown in Fig. 5.9(a). These pores can not
be eliminated by two-step sintering and HIP, as shown in Fig. 5.9(c), resulting in the
reduction of transparency due to scattering. The reduction of the transmittance at a
shorter wavelength is also due to the scattering of the residual pores in microstructure. On
the other hand, TSS6 and TSS9 were sintered at T1 equal to 1500 °C and 1450 °C,

104

respectively. At such temperatures, grains grow slowly and pores are located at grain
boundaries and triple grain junctions as is shown in Fig. 5.9(b). The inter-granular pores
can be eliminated by two-step sintering and HIP, as shown in Fig. 5.9(d), resulting in the
higher transparency. Therefore, the selection of T1 is critical since it influences the final
grain size and transparency of the transparent ceramics.

5.4. Conclusion

Loosely agglomerated 0.25% Er-doped Sc2O3 nanopowders with an average
particle size of about 40 nm were synthesized by solution precipitation using scandium
sulfate and hexamethylenetetramine (HMT). The Er-doped Sc2O3 ceramics with average
grain size of 0.3 µm and a relative density over 99% were obtained by using two-step
sintering. The subsequent HIP of these ceramics led to submicrometer grain sized highly
transparent Sc2O3 ceramics. The optical transmittance of the transparent Sc2O3 ceramics
at the wavelength of 1.55 µm reached 80%.
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CHAPTER SIX
FABRICATION OF TRANSPARENT Lu2O3 CERAMICS

6.1. Introduction

Recently, lutetia (Lu2O3) has enjoyed growing attention in scintillator and laser
applications due to its broad transparency, relatively low phonon energy, and high
stopping power for x-rays.6.1,6.2 Furthermore, lutetia possesses a low thermal expansion
coefficient (4x10-7 K-1) and high thermal conductivity (12.5 W/mK) which is critical for
high power laser host materials.6.3,6.4
Transparent Lu2O3 ceramics have been successfully fabricated by combination of
nanocrystalline powder technology and vacuum sintering

6.3,6.5

or atmosphere controlled

sintering method.6.6,6.7 The primary reason for this success was the fabrication of highly
sinterable Lu2O3 nanopowders by solution precipitation.
In a typical precipitation process, precursors are obtained by adding drop-wise a
precipitant, e.g. ammonium hydroxide (NH4OH) and ammonium hydrogen carbonate
(NH4HCO3), into a solution containing metal cations. The precursors are precipitated
when its solubility is exceeded. However, this procedure has little control over the shape
and size of precursors due to inhomogeneity of the precipitant during the precipitation
process. This problem can be solved by using precipitating ligands simultaneously and
uniformly throughout the solution.
Hexamethylenetetramine (HMT) is known to undergo slow hydrolysis in acidic
solution or at elevated temperatures with the release of ammonia and formaldehyde,
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causing an increase in the solution pH and precipitation. The slow decomposition of
HMT minimizes the localized distribution of the precipitating (OH-) and hence improves
the uniformity of precursor particles.6.8,6.9
In this chapter, we discuss the preparation of Er:Lu2O3 nanopowders with high
sinterability by solution precipitation methods using HMT as the precipitant. The
powders were compacted and sintered into transparent Er:Lu2O3 ceramics by vacuum
sintering and hot isostatically pressing (HIP).

6.2. Experimental procedure
6.2.1 Powder preparation and sample compaction

In this study, 0.25 atom percent Er:Lu2O3 nanopowders were prepared by coprecipitation technique. A lutetium nitrate solution was prepared by dissolving Lu2O3
powder in excess amounts of nitric acid at approximately 80 °C. Erbium nitrate
pentahydrate (Acros Organics, 99.9%, Fair Lawn, NJ) was added into lutetium nitrate to
yield 0.25 atom% Er:Lu2O3. A 1.0 M ammonium hydroxide was added drop-wise into an
equivolume amount of 0.2 M erbium doped lutetium nitrate solution in order to
precipitate erbium-doped lutetium hydroxide. After homogenizing for an hour, the
hydroxyl precipitates were separated by centrifugation and then washed several times
with water. Erbium doped lutetium sulfate was prepared by dissolving the hydroxyl
precipitates with a stoichiometric amount of sulfuric acid. The Er:Lu2O3 nanopowders
were prepared by dripping a 1.5 M HMT solution into the 0.1 M scandium sulfate
solution under mild stirring at 80 °C. After homogenizing for an hour, the precipitates
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were washed several times with water and dried in vacuum oven at 70°C. The precursors
were calcined at 1100 °C for 4 hours under flowing oxygen gas at 3 L/min to produce
Er:Lu2O3 nanopowder.
The morphology of Lu2O3 nanopowders was observed by transmission electron
microscopy (TEM; model H7600T, Hitachi, Pleasanton, CA). The average particle size
was determined by averaging diameter of approximately 200 particles. Phase
identification was performed by X-ray diffractometer (XRD; XDS 2000, Scintag,
Cupertino, CA) using CuKα with wavelength of 0.15406 nm in the range of 2θ = 10°70°. Infrared spectra were recorded by Fourier transformed infrared spectrometer (FTIR;
Nicolet 6700 FT-IR, Thermo Scientific, Waltham, MA) in the region of 400-4000 cm-1.
The calcined nanopowders were uniaxially pressed into pellets at approximately
15 MPa without any binder and then cold isostatically pressed under a pressure of 200
MPa. The green density of pellets was about 50%.

6.2.2 Sintering

Transparent Er:Lu2O3 ceramics were produced by conventional sintering and HIP
in order to investigate the effect of sintering process on the microstructure of Lu2O3
ceramics. For conventional sintering, the green compacts were sintered at 1900-2000 °C
for 4 hours under vacuum less than 10-3 Pa. For HIP, the green compacts were sintered to
obtain a relative density over 98% using a two-step sintering approach in order to
minimize grain growth.6.10 The two-step sintering was performed as described in chapter
4. In order to optimize a two-step sintering schedule, the green compacts were sintered at
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1450-1700 °C in 50 °C temperature intervals in order to study the effect of sintering
temperature on densification and grain growth. The green compacts were heated to a
desired temperature at a heating rate of 10 °C/min. After reaching the desired temperature
the furnace was cooled naturally to room temperature. Then, the sintered samples were
subsequently HIPed at at 1400 °C under an argon pressure of 206 MPa for 3 hours.

6.2.3 Characterization of sintered samples

The bulk density of the sintered samples was determined by Archimedes method
using distilled water. The density of distilled water is 0.9982 g/cm3. The relative density
was determined as the ratio of measured density to theoretical density of Lu2O3 which is
9.423 g/cm3 (JCPDS card no.86-2475). The sintered samples were mechanically polished
as described in chapter 4. The microstructure of sintered samples was observed by optical
microscopy (model MT8530F, Meiji Techno, Japan) and field-emission scanning
electron microscopy (FE-SEM; model 4800, Hitachi, Pleasanton, CA). The average grain
size of sintered sample was determined by lineal intercept method as described in chapter
4.
Transmittance of the sintered Lu2O3 ceramics was measured over the wavelength
region from 200 to 2000 nm using a UV-VIS spectrometer (Perkin Elmer UV/VIS/NIR
Lambda 900, Norwalk, CT) at normal incidence. The samples thickness is about 1 mm.
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6.3. Results and Discussion
6.3.1 Powder characterization

Figure 6.1. FTIR spectra of the precipitate precursor and the Er:Lu2O3 nanopowder

calcined at 1100 °C for 4 hours

Figure 6.1 shows the FTIR spectra of the precipitate precursor and the Er:Lu2O3
nanopowder calcined at 1100 °C for 4 hours. The board absorption centered at 3350 cm-1
is attributed to O-H stretching of molecular water. The absorption peak at 1643 cm-1 is
due to H-O-H bending mode of molecular water. The board peak in the range of 9501294 cm-1 is the multi-absorption peak of SO42-.6.11 All these absorption peaks are no
longer present after calcining at 1100 oC for 4 hours under oxygen flowing indicating the
decomposition of the hydroxide and the sulfate. Furthermore, the presence of the
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absorption peak at ~570 cm-1 after calcining at 1100 oC for 4 hours is attributed to the
stretching of Lu-O bond.6.6

Figure 6.2. X-ray diffraction patterns of the precipitate precursor and the Er:Lu2O3

nanopowder calcined at 1100°C for 4 hours

The x-ray diffraction patterns of the precipitate precursor and the Er:Lu2O3
nanopowder calcined at 1100 °C for 4 hours are shown in Fig. 6.2. The x-ray diffraction
pattern of the precipitate precursors exhibits very board peak, indicating poor crystallinity
of the precipitate precursor. After being calcined at 1100 °C for 4 hours, the precipitate
precursor has converted to pure cubic crystalline Lu2O3 phase (JCPDS card no.86-2475).
The morphology of Er:Lu2O3 powder calcined at 1100 °C for 4 hours was observed by
TEM as shown in Fig. 6.3. The nanopowder is loosely agglomerated and uniform in size
with average particle size of 60 ± 16 nm.
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Figure 6.3. Transmission electron microscopy of Er:Lu2O3 nanopowder calcined at

1100 °C for 4 hours.
6.3.2 Sintering

6.3.2.1 Conventional sintering
In order to produce transparent Er:Lu2O3 ceramics, the green compacts were
sintered at 1900-2000 °C for 4 hours under vacuum less than 10-3 Pa. The optical image
of polished sintered Er:Lu2O3 ceramics is shown in Fig. 6.4.

Figure 6.4. Optical image of the polished sintered Er:Lu2O3 ceramics at different

temperature.
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Figure 6.5. Optical micrograph of the microstructure of Er:Lu2O3 sintered at (a) 1900 °C,

(b) 1950 °C, and (c) 2000 °C for 4 hours.

116

A translucent Er:Lu2O3 ceramic was obtained by sintering at 1900 °C for 4 hours.
Transparency of the sintered Er:Lu2O3 ceramics improves at a higher sintering
temperature. The microstructure of the sintered Er:Lu2O3 ceramics was observed by
optical microscopy as shown in Fig. 6.5. The average grain size of the Er:Lu2O3 ceramic
sintered at 1900 °C for 4 hours is 110 ± 14 µm. As sintering temperature increases, the
average grain size of the ceramics increases. The average grain size of the Er:Lu2O3
ceramics sintered at 1950 °C and 2000 °C for 4 hours are 230 ± 46 µm and 283 ± 65 µm,
respectively.

Figure 6.6 The optical transmission spectra of Er:Lu2O3 ceramics sintered at different

sintering temperature.

The optical transmittance of the sintered Er:Lu2O3 ceramics is shown in Fig. 6.6.
For comparison, the calculated maximum transmission, using refractive index data
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reported by Kaminskii, et al.6.12 The absorption peak at about at 380, 524, and 1538 nm
are due to the absorption transition of Er3+ ions. The optical transmittance increases from
12% to 62% at the wavelength of 1.55 µm, which is the main emission of interest from
Er3+, with increasing sintering temperature from 1900 °C to 1950 °C. As increase
sintering temperature up to 2000 °C, however, impurities segregate to the grain
boundaries creating the second phase which results in a decrease of the optical
transmittance to 54% at the wavelength of 1.55 µm due to the scattering.

6.3.2.2 Hot isostatic pressing
Prior to HIPing, the green compacts were sintered to obtain closed porosity
(>92%) in order to transmit more effectively the external pressure exerted during HIP. In
this chapter, as with previous chapters, two-sintering was used in order to minimize grain
growth during densification.
The green compacts were sintered at 1450-1700 °C in order to study the effect of
sintering temperature on densification and grain growth. The relative density and the
grain size of the sintered ceramics are shown in Fig. 6.7. The relative density of the
sintered samples increases rapidly from 65% to 86% with increasing temperature in the
range of 1450-1550 °C. Above 1550°C the densification rate is slower. The grain size of
the sintered samples increases slowly with increasing sintering temperature below 1600
°C but increase rapidly with increasing sintering temperature above 1600 °C.
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Figure 6.7. The relative density and average grain size of Er:Lu2O3 ceramics versus

sintering temperature.

Figure 6.8. The grain size and relative density of Er:Lu2O3 in two-step sintering and

conventional sintering.
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Figure 6.8 shows the grain size of the sintered samples as a function of relative
density. The grain size of the sintered ceramics increases slowly with an increasing in the
relative density below 92%. However, the average grain size increases rapidly with an
increase in relative density above 92%. The transition in grain growth behavior indicates
the transition of sintering state from intermediate state to final stage.6.13
From above result, the rapid grain growth occurs at a sintering temperature above
1600 °C. Thus, in two-step sintering, T1 must be lower than 1600 °C in order to avoid
grain growth. Furthermore, the highest densification rate occurs at a sintering temperature
between 1450-1550 °C. Therefore, for two-step sintering, the green compacts were
heated to 1550 °C and then cooled down to 1450 °C and held isothermally for 20 hours.
A comparison of microstructural development versus relative density of Er:Lu2O3
ceramics sintered by two-step sintering and by conventional sintering is shown in Fig.
6.8. The relative density of two-step sintered samples was greater than 98%. The grain
size of the samples increased from 60 ± 16 nm to 355 ± 63 nm in the first sintering step.
During the second step, the relative density of the samples increased from 86% to 98%
while the grain size of the two-step sintered samples increased from 355 ± 63 nm to 654
± 60 nm. The grain size of the two-step sintered samples is significantly smaller than
those prepared using conventional sintering, which is 5.37 ± 0.42 µm. The two-step
sintered sample was opaque, indicating some remnant porosity in the microstructure.
Therefore, the further HIP was conduct in order to eliminate such porosity.
After HIPing at 1400 °C under an argon pressure of 206 MPa for 3 hours, the
sample became transparent as shown in Fig. 6.9(a). The grain size of the HIPed two-step
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sintered sample was 0.98 ± 0.08 µm as shown in Fig. 6.9(b). The optical transmittance of
HIPed two-step sintered Er:Lu2O3 ceramic is shown in Fig. 6.10.

Figure 6.9 (a) Optical image of the polished hot isostatic pressed (HIPed) Er:Lu2O3

ceramic. (b) Scanning electron microscopy micrograph of the microstructure of the
HIPed Er:Lu2O3 ceramic.

Figure 6.10. Optical transmission spectra of conventional sintered Er:Lu2O3

ceramic and HIPed two-step sintered Er:Lu2O3 ceramic.

121

The optical transmittance of HIPed two-step sintered Er:Lu2O3 ceramic is about
73% at the wavelength of 1.55 µm, which is higher than that of Er:Lu2O3 ceramic
prepared by conventional sintering at 1950 °C for 4 hours. However, the optical
transmittance of HIPed two-step sintered ceramic is lower at the shorter wavelength due
to the scattering of the residual pore in microstructure and become lower than that of
Er:Lu2O3 ceramic prepared by conventional sintering in the visible wavelength. As a
result, the appearance of the HIPed two-step sintered ceramic is less transparent than that
of the conventional sintered ceramic. Even though the two-step sintered ceramics show a
remarkable decrease in grain size compare to conventional ceramics, grain growth was
observed in the second step sintering. The average grain size grows from 355 nm to 654
nm. Such grain growth may cause trapped pores inside grains, which can not be
eliminated by HIP as discussed in chapter 5. In order to improve the optical
transmittance, the two-step firing schedules need to be optimized to suppress grain
growth and maintain pores at the grain boundaries and triple junction during the second
step sintering.

6.4 Conclusion

Er-doped Lu2O3 nanopowders with the average particle size of 60 nm were
synthesized

by

solution

precipitation

method

using

lutetium

sulfate

and

hexamethylenetetramine (HMT). Transparent Er:Lu2O3 ceramics were prepared by
conventional sintering and HIPed two-step sintering. The HIPed two-step sintered
Er:Lu2O3 ceramics showed a remarkable decrease in grain size compared to the
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conventional sintered Er:Lu2O3 ceramics. The optical transmittance of HIPed two-step
sintered ceramic reach 73% at 1.55 µm. However, the optical transmittance decreases
significantly at the shorter wavelength due to the scattering of the remnant porosity.
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CHAPTER SEVEN
CONCLUSIONS AND FUTURE WORK

7.1. Conclusions

Highly transparent Er-doped sesquioxide ceramics have been successfully
fabricated. In order to do so, the staring powders must be of good uniformity and
excellent reactivity. The hydroxyl precipitation method was used to synthesize Y2O3
nanopowders and the effects of the addition of ammonium sulfate on powder properties
were investigated. Doping using sulfate ions was found to reduce the level of
agglomeration by inhibiting volume diffusion and/or grain boundary diffusion during
calcination and then particle growth proceeds by surface diffusion or evaporationcondensation along with pore growth, which results in the collapse of agglomerates into
well-dispersed nanopowders with an average particle size of about 40 nm. However, this
method is not effective for the fabrication of highly sinterable Sc2O3 nanopowders.
Highly reactive Sc2O3 nanopowders with average particle size about 40 nm were obtained
by calcining at 1100 °C precursors precipitated from scandium sulfate solution with
hexamethylenetetramine (HMT). The similar method was also used to prepare highly
sinterable Lu2O3 nanopowders with average particle size about 60 nm.
Transparent sesquioxide ceramics were fabricated by vacuum sintering at high
temperatures (1700-2000 °C), which resulted in a coarse-grained microstructure with an
average grain size approaching tens to hundreds of micrometers. Large grained materials
tend to exhibit a lower mechanical strength than smaller grain-sized materials.

126

Consequently, larger grained materials are less desirable in application demanding high
thermal shock resistance such as high power laser systems.
Two-step sintering was used to yield dense ceramics without grain growth in the
final stage of sintering. The success of two-step sintering depends strongly on the
selection of T1 and T2. If T1 is too low, the pore size is large compared to the grain size
and can not be removed. If T1 is too high, grain growth is observed and pores tend to
separate from the grain boundaries and become intra-granular pores which can not be
eliminated. For the selection of T2, the second step sintering must be performed at the
temperature where grain boundary migration is suppressed while grain boundary
diffusion remains active.
Although the two-step sintering method can obtain dense sub-micrometer grainsized ceramics, it can not entirely eliminate the residual pores that reduce the optical
transparency of the samples. Hot isostatic pressing (HIPing) was conducted in order to
remove remnant porosity in the microstructure. HIPing was performed at 1300-1400 °C
under an argon pressure of 206 MPa for 3 hours. After HIPing, the translucent ceramics
become highly transparent with negligible grain growth. These sub-micrometer-grained
transparent ceramics exhibited a transparency equivalent to that of single crystals in the
near-infrared spectral. The microhardness and fracture toughness of sub-micrometer
grain-sized transparent ceramics fabricated by this method were found to exceed those of
hundreds-micrometer grain-sized transparent ceramics fabricated by conventional
sintering.
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7.2 Future work

The following are recommendation for future work in the area of the fabrication
of transparent sesquioxide ceramics.


The two-step sintering schedule for sintering Lu2O3 needs to be optimized in
order to reduce grain growth during the second step sintering. The lower T2 may
reduce grain growth and maintain pores at grain boundaries, which can be
eliminated by subsequent HIP.



Our first attempt to create laser from the sub-micrometer grain-sized transparent
Y2O3 ceramics was unsuccessfully due to residual scattering losses, likely due to
small remnant porosity and heterogeneity in pressing and microstructure. Slip
casting is an alternative forming method to yield homogeneous packing which
appears to be more suitable than uniaxial pressing in order to obtain homogeneous
optical ceramics.



The following properties need to be investigated in order to evaluate the
performance of sub-micrometer grain-sized transparent sesquioxide ceramics
compare to those of single crystals and conventional transparent ceramics.
o Laser measurements
o Spectroscopic properties
o Thermal properties
o Mechanical properties



Investigate the effect of doping other rare-earth ions, e.g. Ho and Tm, and doping
level on the above properties.
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APPENDIX A
THE EFFECT OF GRAIN SIZE ON THE MECHANICAL PROPERTIES OF
TRANSPARENT Er-DOPED Y2O3 CERAMICS

The Young’s modulus of the Er-doped yttria ceramics was determined by a
Hysitron Triboscope Nanoindenter. All indentation tests were performed dynamically
with a diamond Berkovich tip and a superimposed, oscillating load of 20 µN at 45 Hz.
Fifteen indentations were preformed per sample and analyzed using established methods
for nanoindentation.A.1 The reduced modulus, Er, was calculated as
Er =

S π

(A.1)

β A

Where S is the stiffness calculated from the data, β is a constant dependent on tip
geometry (1.7 for a Berkovich geometryA.1), and A is the contact area of the indentation
tip. The Young’s modulus of the yttria is found from

(1 −ν sample ) (1 −ν tip )
1
=
+
Er
E sample
Etip
2

2

(A.2)

where E sample and E tip and the Young’s modulus of the sample and tip respectively, and

ν sample and ν tip are the Poisson’s ratios of the sample and tip.A.1,A.2

The Young’s modulus obtained for samples of Er-doped yttria of different grain
size decreased with increasing penetration depth and became constant below about 80 nm
of penetration depth (see Figure A.1.). The difference in the Young’s modulus between
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the sample surface and bulk suggests that the mechanical polishing process has
introduced a surface damaged layer with properties that are different from the bulk.A.2 In
order to avoid these surface effects, Young’s modulus of each sample was taken as the
average of data obtained beyond 80 nm of penetration depth. The Young’s modulus of
328 µm, 45 µm, 1.8 µm, and 0.3 µm grained yttria samples are 216 GPa, 213 GPa, 191
GPa, and 189 GPa, respectively. The Young’s modulus for the 328 µm and 45 µm
grained yttria samples are not statistically different, however, there is a statistical
difference between the other grain sizes.

Figure A.1. Depth dependence of the Young’s modulus of transparent yttria ceramics

with four different grain sizes

In order to ensure that the decrease in the Young’s modulus was only due to the
grain size, the residual porosity were determined to be less than 0.05%.A.3 This magnitude
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of residual porosity has been shown not to have a significant effect on the mechanical
properties.A.4 The alteration in the modulus is therefore probably due to the volume
fraction of the inter-granular regions. Since the inter-granular regions tend to have lower
density and lower Young’s modulus compared to the grain interiorA.5 as the volume
fraction of inter-granular region increases with decreasing grain size the Young’s
modulus would decrease accordingly. Further, likely sampling grain boundaries with the
1.8 µm and 0.3 µm and not with the 328 µm and 45 µm.
Both Vickers hardness and fracture toughness for the yttria samples were obtained
from indentations made using a LECO MHT series 200 microhardness tester. The
microhardness was calculated using
 P 
H = k 2 
d 

(A.3)

where P is the load on the indenter; d is the indentation diagonal; and k is the shape factor
of the indenter, which is equal to 1.854 for a pyramidal-shaped indentation. In this study,
loads of 0.5N were used initiate radial cracks, assumed to be half penny. At larger loads,
lateral cracks were identified. This initiation load is similar to other fracture toughness
studies on yttria. A.6
The fracture toughness was estimated from the linear lengths of the crack that
emanated from the corners of indentations. Assuming a half-penny crack profile, the
fracture toughness can be calculated using
K IC = 0.016(E / H )

1/ 2

(P / C )
3/ 2

where E is the Young’s modulus; C is the linear size of radial crack.A.7
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(4)

Figure A.2. Vickers microhardness of transparent yttria ceramics versus the inverse of

the square root of the grain size.

The microhardness was found to increase with decreasing grain size and the
relation between microhardness and inverse square root of grain size was linear (Figure
A.2.). This does follow the Hall-Petch trend, but the exact mechanism is unclear. The
results differ somewhat from those reported elsewhere.A.6,8 In this case, the size of the
indentation is about 10 µm which is very small compared to the grain size. Consequently,
no significant effect of grain boundaries was observed. However, as the grain size
decreased, the effect of grain boundaries becomes significant due to the increasing
microhardness. The microhardness of a submicron-grained ceramic exceeds that of the
large-grained ceramic by about 25%.
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Fracture toughness, shown in Fig. A.3., also exhibits a similar behavior. The
indentation cracks in the large-grained samples are longer and straighter as shown in Fig.
4 (a) and (c). As grain sizes decrease, the indentation cracks are shorter and less-straight
as shown in Fig. 4 (b) and (d), as a result of both the increasing fracture toughness and
microstructure. The fracture toughness of a submicron-grained ceramic exceeds that of
the large-grained ceramic by about 70%.

Figure A.3. Fracture toughness transparent yttria ceramics versus the grain size.
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APPENDIX B
THERMAL CONDUCTIVITY OF TRANSPARENT RARE-EARTH DOPED
Y2O3 CERAMICS

Figure B.1. Thermal conductivity of Transparent Er-doped Y2O3 ceramics

Figure B.2. Thermal conductivity of transparent Er-doped Y2O3 ceramics at

cryogenic and room temperature.
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Thermal conductivity of transparent Er-doped Y2O3 ceramics at elevated
temperature is shown on Fig. B.1. Thermal conductivity of YAG single crystal is also
added in Fig. B.1 for comparison. Thermal conductivity of Er-doped Y2O3 ceramics
decrease with an increase in doping level. The reduction of thermal conductivity is due to
doping atoms scatter phonons as a result of difference in atomic masses, differences in
atomic bonding forces, and lattice distortion introduced by the presence of the doping
atoms. However, the effect of doping level on thermal conductivity diminishes at higher
temperature because the doping-atom scattering becomes less important relative to
intrinsic phonon scattering.B.1
Figure B.2 shows thermal conductivity of transparent Er-doped Y2O3 ceramics at
cryogenic (~77 K) and room temperature (~300 K). Thermal conductivity of transparent
Er-doped Y2O3 ceramics at cryogenic is higher than that at room temperature. At low
temperature (77 K), the phonon scattering is strongly reduced, leaving only extrinsic
contributions from defects. Therefore, Thermal conductivity of transparent Er-doped
Y2O3 ceramics at cryogenics is more sensitive to doping level compare to that at room
temperature.
Figure B.3 and B.4 show Thermal conductivity of single crystals and transparent
ceramics at cryogenic and room temperature, respectively. Both exhibit the reduction of
thermal conductivity with an increase in doping level. The Sc2O3 single crystal exhibits a
remarkable decrease in thermal conductivity compare to transparent Y2O3 ceramics. This
can be explained by the fact that the atomic mass of scandium is significantly different
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from erbium. Therefore, the erbium doping causes a disturbance to crystal lattice and
affect phonon scattering remarkably.

Figure B.3. Thermal conductivity of single crystals and transparent ceramics at

cryogenic.

Figure B.4. Thermal conductivity of single crystal and transparent ceramics at room

temperature.
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